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Ve h i c l e  c o n f i gu r a t i o n p o s s i b i l i t i e s f o r  the e x p e r i m e n t a l 
prototype bat tery-powered chore tractor , the Electr i c  Choremaster were 
ana l yzed .  The ve h i c l e  w as d e s i gned w i t h  the b a t t e r i e s and the 
tract i on motor on the front frame and the l oader , the cab and the pto 
m otor on the rear frame.  
T i m e  and m ot i o n s t u d i e s , s u rveys , s u b j e c t i ve a s s e s s m e n t s  and 
quant i f i a b l e  data whi c h  r e l a t e  to hu m an f a c t o r s  i n  chore t r a c t o r  
des i gn are presented. A s urvey o f  8 0  South pakota farmers showed that 
c a b  a c c e s s i b i l i t y  i s  o f  m a j o r  c o n c e r n  to 4 6% of t h e  f a r m e r s  and o f  
i m portance to an addi i tonal 34%. Access system con f i gurati on affected 
the t i m e r e qu i r e d  to m o un t  and d i s m o unt f r o m  c a b s  on c o m m e r c i a l l y  
ava i l able tractors . 
E l e c t r i c  C h o re m as t e r  p r o t otype w a s  eva l u a t e d  f r o m  t h e  hu m an 
f a c t o r s  p e r s p e c t i ve t h r o u gh phys i c a l  ae a s u r e m e n t s , s u rveys and 
s u b j ect i v e a s s e s s m e n t .  I t  d o e s  n o t  ha v e  t he d e s i r e d  e a s y  
a c c e s s i b i l i ty due t o  c a b  h e i gh t , the a r t i c u l a t e d  f r aae and s e a t  
c o n f i gu r a t i on .  No i s e l ev e l s  a t  r a t e d  s pe e d s  w e r e  6 2  dbA m ax i m u m 
c ontrasted w i th 80-90 dbA for typ i cal diesel  tractors . The vol ume and 
wei ght of batter i es com p l i cate achi evi ng an agri cul tural tractor w i t h  
h i gh cl earance and l ow center of gravi ty. 
vi i 
INTRODUCTION 
El e c t r i c  veh i c l e s  o f f e r  p r o m i s e f o r  f a r m  c h o r e  app l i c at i o n s  
because t hey afford l i fe-cycle econom i c  savings i nvolving stop-and-go 
dr i v i n g ,  var i ab l e  l o ads and c o n s i s tent d u t y  c y c l e s .  Ho weve r ,  the 
vehi cle con f i gurat i on of convent i ona l tractors are not opt i m i zed for 
e l e c t r i c  ve h i c l e s  nor f o r  c h o r e  app l i c a t i o n s . The r e f o r e , e l e c t r i c  
chore veh i c l e  con f i gurati on i s  a unique research and des i gn probl e m , 
involving p l acem ent of com ponents for opt i m a l  safety, ef f i c i ency , and 
conven i ence . 
"' 
Congress  enacted Publ i c  Law 94-413 i n  1R76 , to advance electr i c  
and hybr i d  veh i c l e  technol ogy and reduce the Uni ted States'  dependence 
on i m po r t e d  p e t r o l eu m . One p r ov i s i on o f  t h i s  l a w m andated t hat t h e  
Depa r t m e n t  o f  Ene r gy ( US DOE ) a s s e s s  t h e  f e a s i b i - l i ty o f  e l e c t r i c  
veh i cles for agr i cultutal uses .  South Dakota S tate Universi ty ( SDSU ) 
was one of s i x  univers i t i es i nvo lved i n  these feas ibi l i ty s tudi es .  
A f t e r  t w o  y ea r s  o f  s t udy ( 1 9 7 9 -1 98 1 ) ,  a gr i c u l t u r a l  engi ne e r i ng 
r e s e arch e r s  at SDSU c o n c l ud e d  that ba t t e r y - po w e r e d  agr i c u l t u r a l 
t r a c t o r s  c o u l d s at i s f a c t or i l y pe r f o r m  t he c h o r e - t y pe tasks on m o s t  
far• s o f  the North Central Regi on o f  the Uni ted States . I n  add i t i on , 
o t h e r  r e s ea r c h e r s  have s ta t e d  t h at e l e c t r i c  veh i c l e  t e chno l ogy i s  
suf f i c ient l y  advanced to be tec hn i ac l l y and p r o b ab l y , e c ono m i ca l l y 
c o m p e t i t i ve ( C h r i s t i an s o n e t .  a l  1 98 1 ) . . T h e r e f o r e , i n  1 9 8 3  SDSU 
s tarted a two-year proj ect to des i gn ,  bui ld and test  an experi m enta l 
p r o t o t yp e  b a t t e ry - p o w e r e d  c h o r e  t r a c t o r  w i th fund i ng f r o m· t h e  
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Agr i c u l t u r a l Expe r i m en t  S t a t i on and t h e  Nat i onal Rural E l e c t r i c 
Cooperat ive Association ( NRECA ) . 
Hum an factors cons i derat i ons in the e l e ctri c tractor des i gn are 
i m p o r t a n t  f o r  s a f e , e f f i c i en t  u s e  of t he e l c t r i c  t r a c t o r .  Re s e a r c h  
pri ori t i es o f  the Power and Machinery Divi s i on o f  Ameri can Soc i ety o f  
Agr i cu l t u r a l E ngi n e e r s  ( ASAE ) h ave i nc l ud e d : 1 )  obta i n i ng and f u l l y  
uti l izi ng hum an factors data pertai n i ng to agr i cu ltural workers i n  the 
de s i gn of o p e r a t o r  w o rk s t a t i o n s  and 2 )  i m provi ng the w o rk i ng 
e nv i ro n m en t  by r e du c i ng no i s e , v i b r a t i on ,  dust , tox i c  contam i nant s , 
etc.  to l eve l s  conduc ive to human performance �nd com fort (Kaa i naka et 
a l . 1 98 3 ) .  T r a d i t i onal l y ,  h u m an fa c t o r s  r e s ea r c h  in agr i cu l t u r a l  
t r a cto r e n g i neer i ng ha s f o c u s e d  o n  s a f e t y , c a b  i nte r i o r , a n d  c a b  
envi ronm ent . For a chore tractor , wh i ch i s  entered and exi ted several 
t i a es a d a y  o n  m a ny far m s , cab a c ce s s i b i l i ty is another i m p o r t a n t  
human factors con s i derati on. 
Therefore , research was i n i t i ated wi th the fol lowing obj ective s : 
1 .  Analyze vehicle con f i gurat i on pos s i bi l i t i es and reco m m end 
a conf i gurat i on we l l-suited for the battery-powered tractor . 
2 .  Obtai n  huaan factors data per tai n i ng to a chore tractor 
des i gn , and 
3 .  Evaluate the experi m ental prototype battery-powered chore 
tractor from the human factors perspect ive�  
L I TERATURE REVI EW 
Battery-powered e l ectr ic vehi c l es are commercial ly avai lable for 
several types of appl i cati ons i nclud i ng m i ni ng,  m i lk del ivery , a i r­
craft tow i ng,  and the hand l i ng of i ndustrial  mater ial s .  However , the 
appl i cat i on of electr i c  veh i c l e s  to agri cu l ture is l i m i ted. Battery­
po w e r e d  f e e d  c a r t s  are u s e d  i ri  d a i r y ba rns o n  a l i a i ted ba s i s ,  a n d  
s o m e  c e n t e r  p i vo t  i r r i gat i on s y s t e m s  a r e  e l e c t r i c a l l y  d r i ve n . 
Battery-powered farm chore tractors are in the research s tages.  
In the des i gn of any farm e quipm ent and machinery , human factors 
c o n s i d e r a t i o ns are i m po r t a n t  for s a f e  and e f f i c i e nt o p e ra t i o n s  o f  
the s e .  H o w e v e r , h u m an f a c t o r s  c o n s i d e r a t i on s  u n i que to a bat t e r y­
powered farm chore tractor are not de f i ned i n  engi neering l i terature . 
Agr i cu l tural E lectric Veh i c les 
Farms tead chore func t i ons and l ight duty field  tasks can account 
f o r  a p p r o x i m a t e l y  o n e - t h i r d of the f a r m  v e h i c l e  energy us age 
(Chr is t i anson et al . ,  1983 ) , and this usage i s  distributed throughout 
the ye a r  o n  m any f ar m s .  M o s t  f ar m s  n e e d  a t  l e a s t  t w o  v�h i c l e s , 
i n c l ud i ng one h eavy f i e l d - w o rk t r a c t o r. The e lectri c  vehicle  wou l d  
n o t  hav e  t o  b e  s i z ed f o r  h e avy d u t y  o r  l o ng- t i m e  durat i on t a s k s ; 
rather , i t  could be s i zed for l ight f i e l d  work ,  l ives tock product i on, 
and ge n e r a l  u t i l i t y t a s ks . S o m e  o f  t he . advant age s of ·a bat t e r y­
powered t ractor would be : 1 )  l ower noi se l eve l s , 2 )  easier s tarti ng ,  
3 )  l o w e r  m a i n t ena n c e. c o s t s , 4 )  r e d u c e d  t ox i c  ga s prob l e m s· and 
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as s o c i a te d  o p e r a t o r  he a l t h  d ange r s  i n  confined envi ronments and 5 )  
more econom i cal perform ance as co mpared to internal combus t i on 
engines for sel ected appl i cat i ons .  Appl i cati ons where electr i c  vehi c­
l e s  a r e  m o r e  e c o no m i c a l  t ha n  i n t e r n a l  c o m bus t i o n ve h i c l e s  i n c l ud e  
stop-and-go operati ons , whi ch requ i re varyi ng power and varying speed, 
and operat i ons which are for s h o r t  d u ra t i o n tasks . B a t t e ry- p o w e r e d  
t r a c t o r s  can b e  u s e d  f o r  e l e c t r i c  l o a d  l eve l i ng b y  r e c h a r g i n g  
batter i e s  during off-peak dem an d  ti mes , and also provi de farm ope ra­
tors som e protecti on against an i nterrupted o i l  supply.  
C h r i s t i anson et a l .  ( 1 9 8 1 ) a s s e s s e d  the_p o t e n t i a l  of e l e c t r i c  
veh i c l e s  for agri cul ture and conc luded that battery-powered e l ectr i c  
veh i c l e s  are technical l y  feas i b l e .  One e l ectric veh i c l e  i n  the 45 kW 
equ i va l ent range per farm cou l d  perform a l l the l ivestock and uti l i ty 
tasks and 50 percent of al l f i e ld tasks on many eastern South Dakota 
f a r m s .  P r o j e c t i o n s  w e r e  t h a t  e l e c t r i c  v e h i c l e s  c ou l d  r e d u c e  t h e  
annual operating cost by 3 8  t o  53 percent a s  compared t o  convent i onal 
f a r m  tra c t o r s . R e s  e n  e t  a l . ( 1 9 8 1 ) r e p o r t e d  that e l e c t r i c  v eh i c l e s  
cou l d  repl ace 50 percent o f  the petro leum farm fue l usage i n  tractors 
on far m s  in the North Central Uni ted States.  These f i gures were base d  
o n  current electr i c  vehi c l e  technol ogy w i th n o  other farm m anage m ent 
changes required.  Al cock et a l . ( 1981 ) stated that e l ectri c  tractors 
c o u l d  p e r f o r m  the l i gh t  f i el d  and h au l i ng tasks on e a s t�r n U n i t e d  
S t a t e s f ar m s  and t h e r e b y  r e d u c e  t h e  d i e s e l  and gas o l i ne fue 1 
c onsu m pt i on by 38 percent . . 
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Agr i c u l tura l veh i c l e s p o w e r e d by near-t e r m  e l e c t r i c  v eh i c l e  
b a t t e r i e s w i l l  be ab l e  t o  p e r f o r m  h a u l i n g a n d  u t i l i t y t a s k s  
s a t i s f a c t o r i l y, a c c o r d i ng t o  B u ck and Hughes ( 19 8 1 ) .  The s t udy 
predi cted that vehicles powered by advanced lead-acid batte r i es wi l l  
be econom i ca l l y  com pet i t i ve w i th d i esel tractors for perform ing these 
tasks , provi ded that the goal s  for the cost and the l i fe expectancy of 
these batter i es are m e t .  Battery cost and l i fe expectancy goa l s  were 
$55/kWh and 800 cyc les, respect ive l y  (OTA , 1982 ) .  
A l c o ck ( 1 9 8 3 ) d e v e l o p e d  a m od e l  f o r  ev a l uat i ng t h e  l i ke l y  
performance and potent i a l  o f  a hypothet i cal bat tery-powered vehi c l e .  
Out put f r o m  the m o d e l  s u gge s t s  t h a t  the bat tery-po w e red v e h i c l e  i s  
sui tabl e  for carryi ng,  seed i ng ,  sprayi ng,  and for l ight cu l t ivat i on 
work . 
I hr i g  ( 1 960 ) l ab - t e s t e d  a n  exper i m ental electri c  tractor whi ch 
used a 15 kW el ectr i c  a o tor. Howeve r ,  the source of e l ectr i c i ty was 
f u e l  c e l l s  and not the b a t t e ry .  He reported 5 0  t o  60 p e r c e n t  
eff i c i �hcy of the tractor com pared t o  less than 40 percent b y  the best 
d iesel tractors . No change o f  geari ng was necessary and control was 
e nt i re l y  el ectr i cal . 
R e s e n  ( 198 1 )  s t u d i e d  t h e  p o w e r  a n d  energy r e qu i r e m e n t s  f o r  
s e ven t e e n  gra i n  and l i v e s t o c k  f a r m s  n e a r  Brooki ngs , S o u t h  Dakota 
(Table ·1 ) .  These data on energy requirements and the power· needs were 
the resul ts of farmer records on tractor usage. The val ues probab l y  
a r e  hi gher than actua l . usage because the tractors were ass um ed to ·be 
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Tabl e 1 .  Average ene rgy and power requirements on SO farms ( Resen , 
1981 ) .  
Heavy Medi um L ight Livestock 
F i e l d  Work F i e l d  Work F i e l d  Work 
Power ( kW )  7 1 . 02 
Energy ( kWh/day ) 703 . 35 
5 1 . 77 
434 . 62 
25 . 29 
1 93 . 07 
o perat i ng at rated speed for the enti�e usage period . 
38 . 48 
156 . 44 
Uti l i ty 
2 . 09 
47 . 52 
I n  t he R e s e n  ( 1 9 8 1 )  s tu d y , h e avy f i e l d  w o rk i n c l ud e d  m o l dbo a r d  
p l o w i n g ,  ch i s e l  p l o w i ng and f i e l d  cui t i va t i ng. M e d i u m  f i e l d  w o r k  
included di sking ,  fert i l iz i ng,  chopping s i l age , combi n i ng ,  bal ing ,  and 
haul i ng heavy l oads . Light f i e l d  work included seeding ,  w i ndrowing ,  
l i gh t  h a u l i ng ,  m o w i ng .  r a k i n g. d r aggi n g  • . s p r ay i ng ,  s t a l k  c h o pp i ng , 
plant i ng ,  row cul t i vat ing ,  and corn picking. Livestock work i ncluded 
gr i nd i n g ,  l o a d e r  w o rk , s e w age handl i ng ,  l i ve s t o ck m ov i n g ,  and s n o w  
moving. Ut i l i ty work i nc l uded o perat i ng augers and e levators , digging 
p o s t h o l e s ,  m ov i ng m a c h i n e ry and hau l i ng r o c k .  P o w e r  n e e d e d  f o r  a 
c h o r e - t ype t r a c t o r  t o  pe r f o r m  l i ght f i e l d  w o rk . l i ve s t o ck w o rk a n d  
uti l i ty work f o r  thos e  speci f i c  farms w a s  less than 39 kW.  
Typi cal chore tasks on a • edium-si zed farm (80  to 400 hectares )  
were : l) operat i ng l oader and l oader attachm ents , 2) tow i ng m achinery , 
3 )  •ow i ng w i th mounted or trai l i ng aowers ,· 4) contro l l ing weeds w i th 
s m a l l d i scs or cul t i vator s , 5 )  operati ng a sprayer , · 6 )  bl o w i ng snow , 
7 )  l ev e l i ng w i t h a box ·s c rape r .  8 )  s p l i t t i ng l og s , 9 )  p l o w i ng 
7 
gardens , 1 0 )  haul ing rocks , 1 1 )  haul i ng bal e s , 1 2 )  diggi ng post hol e s  
and driving posts , 1 3) spread ing manure , 1 4 )  operat i ng gra in e l evators 
and augers ,  15 ) fee d i ng l ivestock and 1 6 )  carryi ng l ivestock . 
A b a t t e r y - po w e r e d  c ho re t r a c t o r, be caus e  i t  i s  a po r t ab l e  
e l e c t r i c  po w e r  s o u r c e ,  c o u l d  d o  t he fo l l o w i ng a d d i t i on a l  t a s k s : 1 )  
o p e r a t e  d e  po w e r  t o o l s  ( e . g .  a r c  w e l de r s ,  a i r  c o m p r e s s o r s , a n d  
e l e c t r i c  s u m p  p u m p s ) ,  2 )  o p e r a t e  an e l e c t r i c  w i n c h  f o r  m at e r i a l  
hand l i ng and 3) provi de s tandby ac power. By providing a cargo area, 
it cou l d  be used as an o ff-road and on-road veh i c l e  for transportat i o n  
of farm products ( Chr i s t i anson , 1983) . 
Commerc i a l ly Ava i l ab l e  Battery-powered Electri c  Veh i c les 
T h e r e  a re m o r e  t ha n  60 c o m pan i es wo r l d w i de that m anufac t u r e  
battery-powered e l ectri c  and/or hybri d  veh�cl e s  ( Chri st i an ,  1 980 ) .  No 
k no w n  c o m pan i e s  m an u f a c t ur e  ba t t e ry- p o w e r e d  e l e c t r i c  trac t o r s  
pr i marily for agr i cul tural uses . However ,  m any m anufacture personnel 
car r i e rs, l awn and garden tractors , feed carts, ai rcraft tow vehi c l es , 
bus e s . de l i ve r y  t r u ck s ,  p i ckup t rucks , vans , f o r k l i f t s ,  m i n i ng 
veh i cles , · or indus t r i a l  o ff-road vehi cles , which have some potent i a l  
agr i cu l tural app l i cat i ons . Battery-powered veh i c l es which have unique 
features in the i r  con f i gurat i ons, relevant to agr i cu l tural electr i c  
vehi cle s , are di scussed i n  thi s sect i on.  
Tractors 
F r o m  1 8 90 t o  1 9 1 0 ,  e l e c t r i c  veh i c l e s w e r e  m o r e  popu l ar t h a n  
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i n t e r n a l  c o m bu s t i o n  ve h i c l e s .  Th e a s s o r t m e n t  o f  c o m m e r c i a l l y  
av
-
ai l ab l e  e l ectri cal vehi c l es then i ncl uded tractors (Shacket , 1 979} . 
Today , three-whee led e l ectr i c  tractors w i th art iculated tra i l ers are 
m an u f a c t u r e d  f o r  i n - p l an t  oper at i o n s .  I n  B r i t a i n ,  l o w - s p e e d  
de l i ve r y vans up to 4 5  kN o f  gro s s  ve h i c l e  we i ght feature a s i n g l e­
s t e p  e n t r y  t o  c a b  a n d  a h i gh degree o f  v i s i b i l i ty for the d r i ve r . 
Ba t t e r i e s  a r e  l o c a t e d  i n  a b o x  benea t h  the cargo a rea (Chr i s t i a n ,  
1980 ) . 
The e lectr i c  veh i c l e  f l eets operated by Nat i onal Cap i tal Regi on , 
a d i vi s i on of Nat i onal Park Servi ce , include trai ler-mounted dum psters 
W i t h e n e r gy p r ov i d e d  by b a t t e r y - po w e r e d  G e ne r a l E l e c t r i c  trac t o r s . 
The Nat iona l Par � Servi ce uses a battery-powered vehicle to p i ck up 
trash from waste col lect i on b i ns (LIA, 1 978} . 
U n u s ua l ve h i c l e  c on f i gurat i o n s  w e r e a d o p t e d  by d i f f e r e n t  
manufacturers to support the l arge weight o f  the batteries , to reduce 
the o v e r a l l  w e i ght of the v e h i c l e s  and to i nc o p o r a t e  features t h a t  
c on t r i b�t e  t o  e a s y  and e f f i c i e n t  o p e r a t i on o f  the veh i c l e .  O n e  
C a na d i a n �l e c t r i c  v a n  has a s pe c i a l  6 - w � e e l , 3-ax l e  d e s i gn i n  w h i c h  
the b a t t e ry p a c k  i s  c a r r i e d o n  a t r a i l e r .  The purpo s e  o f  the r e a r  
axle i s  t o  support the battery weight (Chr i s t i an ,  1 980} . S i xty- e i ght 
r i der t ractors are used by one company for handl i ng materials  at the i r  
g r o c e r y  w a r e h o u s e .  F l a t - b e d  t r a i l e r s  t o w e d  b y  the tracto r s  c a r r y  
m ater i al s (L IA,  1971 ) .  I n  the Netherl ands , an e l ectri c  tractor w ith a 
tow i ng capac i ty of 98 kN , a steel body and a polyester roof are used 
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for ai rport operat i ons (Chr i st i an ,  1 980). 
Trucks and Vans 
Am e r i c an Te l ephone and T e l egr aph u s es s o m e  e l e c t r i c  vans i n  
whi ch the batteries are l ocated in a pack beneath the bed of the van. 
The p a c k  i s  s e c u r e d  t o  t he c h a s i s  at f our p o i nt s  and h a s  an e l e c t r i c  
l i ft w i nch that a l l ows the user to recharge the van by replac ing the 
bat t er y  pack ( Ch r i s t i an ,  1 9 8 0) .  An e l e c t r i c van w a s  deve l oped f o r  
inner-c i ty de l iver ies.  Thi s  van features a battery pack that can be 
qu i ck l y  exch ange d t h r ough s i d e  ac c e s s  d o o r s  ( L I A ,  1 9 7 8) .  I n  B r i t a i n ,  
e l e c t r i c  vans f o r  m i l k d e l i very , f e a t u r e  r e ar e n t r y  c abs , l i f t - o u t  
contr o l l ers , and tw i n  l i ft decks for easy access t o  batter i e s .  Over 
500 , 000 electr i c  vans de l iver m i l k in Great Br i tain alone ( Shacket , 
1979 ) . 
I n  some e l ectr i c  trucks , i n  Austra l i a ,  the batteri es are l ocate d 
i n  c o m pa r t m e n t s  beneath t�e c a r go d e c k  and near the rear whe e l s .  
Hydraul i c  equi pment and rol ler conveyers at servi ce centers remove and 
r e p l a c e  bat te r y  packs qu i ck l y  ( Chr i s t i an ,  1 98 0) .  I n  a p i ckup t r u ck 
m od e l  b a t.t e r i es a r e  l o ca t e d  i n  a p a ck b e n e a t h  the cargo ar e a , w h i ch 
m ay be s l id out w i th a spec ial  j ack-l ike device for qui ck repl acement 
of d i scharged batteries or servi ce ( Chr i s ti an ,  1 980). 
L i ft Trucks 
A f o rk l if t ,  w h i c h  i s  r equ i red to c a r r y  heavy ba l la s t  w e i gh t  t o  
b a l a n c e  l o a d s , l e nds. i t s e l f  we l l  t o  c a r ry i ng bat t er i e s , f o r · t he 
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ba t t e r y  w e i gh t  i s . u s ed as a des i gn advant age ( Shacket , 1 9 7 9 ) . 
Qui et operat ion w i th l i m i ted noxi ous fumes make battery-powered l i f t  
trucks popul ar for i n-bui l d i ng operat i ons.  I n  most model s ,  motors are 
connected d i rect ly to a d i f ferential , and in some model s ,  the m otors , 
are connected to the d i fferent i a l  through a set of gears (Caterpi l l ar ,  
1 98 1 ) .  
A battery-powered l i ft truck ,  bui l t  i n  the US , can l i ft up t o  1 8  
kN a t  a d i stance o f  6 m from the front axle. One l i ft truck model has 
a coa b i nati on front and s i de l oader that can pick up a l oad in f ront , 
t hen p i vot the mas t a ful l 90 degrees ( Purchas ing Week , 1969 ) .  
A Japanese f i rm bu i l t  a three-wheel electri c- l i ft truck whi ch has 
go o d  m aneuverab i l i t y in a s m a l l  area s .  I t  has hydr a u l i c p o w e r  
s teer i ng ,  and a s i l i con control led rect i fi er ( SCR ) operated l i ft and 
t i l t  contro l s .  A power-econom y  s w i tch perm i ts the operator t o  adj ust 
power output to m atch requirem ents .  I n  thi s vehicle each o f  the t w o  
dr ive wheel s i s  powered b y  i ts own tract i on aotor (Bri tton,  1983 ) .  
M i n i ng Veh i c les 
Battery-powered veh i c l es are used i n  m ines to: 1)  m ove l ong wal l 
r o o f  s u ppo r t s , 2 )  c a r r y  s u p p l i es ,  3 )  d u s t  rocks , 4 )  t r ans p o r t  
personnel , 5 )  a i d  w i th servi c i ng and maintaining m ining equipment , 6 )  
t o w , 7. ) c l ean a n d  8 )  repa i r  r o ad w a y s . M o t o r s  and e l ec t r i c a l  
c o nt ro l l er c o m ponen t s  f o r  t h e s e  veh i c l es are t o ta l l y  enc l o s ed a n d  
s pa rk - f ree .  There a r e  s ever a l a a n u f a c t u r e r s  o f  t he ·ba t te r y - p o w er e d  
a i n ing veh i c l es .  M o s t  h au l i ng- m a c h i nes u s e  s o l i d  s ta t e  c o n t ro l s , 
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and some of these are dua l -art i culated for maxi mum maneuve rabi l ity .  
One o f  these models  trave l s  1 9  km per battery charge ( I ngersoll -Rand , 
1 9 8 4 ) .  A bat t e r y - p o w e r e d  ve h i c l e  u s e d  i n  l o w - s e a m  m i n e s , w h i c h  
a c h i ev e s  a drawbar pu l l  o f  5 6  k N  o n  l eve l r o ck s u r f a ces , a n d  i t s  
batteri e s  weigh 82 kN (Fai rchi l d ,  1984 ) .  
Passenger Cars and Bus e s  
There are about 45 manufacturers of e l ectr i c  passenger cars and 
about 1 1  manufacturers of e l ectr i c  buses wor l dwide ( Chr i s t i an ,  1 982 ) .  
Most o f  the passenger car manufacturers locate the batter i es central l y  
beneath the chas s i s , i n  the ·rear trunk , or beneath the front hood . 
One model provi des a tunne l for the batteries down the center.o f  
t h e  ve h i c l e i n  t h e  d i r�c t i on o f  f o r ward m o t i o n .  The ba t t e r i e s c a n  
s l i de out o f  the tunnel o n  a r o l ler mechan i s m  for servicing. On-board 
c h a r ge r s  and c o m pu t e r  d i agno s t i c  s ys te m s  are prov i de d  i n  s e ve r a l 
p a s s e nge r c ar s ( Ch r i s t i an , 1 98 0 ) .  A pa s s enge r  car m o de l f e a t ur e s a 
rem ovab l e  hatchback used to convert to a coupe or stati on wagon ( L I A ,  
1 978 ) . 
I n  m �s t  o f  the b u s e s  t h e  b at t e r i e s  are l o c a t e d  ben e a t h  t h e  
p a s s enger a r e a .  T h e  b a t t e r i e s  a r e  i n  t w o  m odu l e s , o n  t he B a t t r o n i c  
t r u c k  m o de l , and t h o s e  c a n  be r e m oved i n  l e s s  than f i ve m i nu t e s  f o r  
cha�gi ng .  An e l e c t r i c  b u s  m ode l i n  t h e  Un i t e d  S t a t e s  f e a t u r e s  e a s y  
entry by handi capped persons (LIA,  1978 ) .  
D r i ve r  c o n t r o l o f  r ege n e r ative b r ak i ng i s  p ro v i d e d  i n  a W e s t  
German e l ectr i c  bus . A battery-powered bus m anufactured i n  Austra l i a  
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we ighs only 66 pe rcent ·as much as comparab le diesel-powered buses .  In  
J�pan , a p r odu c t i o n p � o t o t y p e  2 3-pas s enger bus uses  a s p e c i a l  o f f -
board conveyer system for chargi ng batter ies.  In  West Germany a 1 10-
p a s s e n ge r  e l e c t r i c  bus u s e s  a sepa r a t e  t r a i l e r f o r  c a rr y i ng t h e  
battery pack ( Chri s t i an , 1 980 ) . 
Other Types of Battery-powered El ectric Vehi cles 
A i r c ra f t  tow · veh i c l e s are s o m e t i m e s  bat t e r y - po w e r e d .  A 
rel atively smal l , ser ies-wound e lectri c  aotor can deve l op the needed 
s t a r t i ng t o rque to s t a r t  the a i r c r a f t  whee l s  r o l l i ng ,  and o n c e  i n  
� 
m o t i on , m u c h  l ow e r  t o r qu e · i s  r e qu i red t o  k e e p  the a i r c r a f t  m ov i n g  
( Christ ianson , e t  a l .  1 984 ) .  
Battery-powered feed carts .are avai lable for use i n  dai ry barns . 
T he s e  c a r t s  are w a l k - b e h i nd u n i t s  that c a r r y  f e e d .  A s  t h e  o p e r a t o r  
w alks a l ong h e  s co o p s  f e e d  o u t  f o r  e a c h  c o w .  S i m i l ar type s o f  
battery-powered carts are used i n  green house operat i ons t o  transport 
p l ants , water , s o i l ana equi pment through the aisles .  
M any gol f  carts are e l ectric because e lectr i c  vehi c l es are quiet , 
s i m p l e  t o· o p e r at e , and e a s y  t o  m a i nt a i n .  The s e  s a m e veh i c l e s o f t e n  
are personnel carr i ers i n  l arge buildings o r  bui lding complexe s . 
Vehicl e Components for a Battery-powered Tractor 
Major co mponents of a battery-powered . tractor whi ch di s t i ngui sh 
i t  f r o m  t he d i e s e l  t r a c t o ·r s  are:  1 )  bat t e r i e s , 2 )  m o t o r s , 3) 
c o n t r o l l e r s , 4 )  charge r  and 5)  i n s t r u m e n t s . The charger m ay be an 
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integra l part of the veh i c l e , o r  i t  may remai n at the chargi ng s i te .  
Battery 
Gross ( 1 976 ) stated that batter i es for electri c  veh i c l es s hou l d  
have : 1 )  high energy dens i ty ,  2 )  l o w  manufactur ing cost , 3 )  l ong l i fe 
w i th l o w  m a intenance , 4 )  l o w  s e l f -d i s charge when not i n  use,  5) h i gh 
p o w e r  r a t e f o r  a c c e l e r a t i o n , 6 )  e f f i c i e n t  a n d  f a s t  r e c h a r g e 
capabi l i ty and 7) compact s i ze. Accordi ng to the author , features i n  
case o f  accidents are a l so i mportant al though these features are not 
def i ne d .  Al s o , batter i es s h o u l d  be r e a d i ly ava i l able a n d  s h o u l d  
requ i re l i ttle spec ial equi p m e n t  f o r  hand l i ng.  Lead - a c i d  b a t t er i e s 
are t h e  o n l y  c o m m e r c i a l o n e s  w h i c h qu a l i fy i n  t h e s e  r e s pe c t s 
( Wakef i el d , 1 9 7 7). 
B a t t er y  types wh i c h have c o m m e r c i al potent i a l  f o r  e l ec t r i c  
veh i c l e  appl icati ons dur i ng the next 10 years were i dent i f i ed as l ead­
ac i d ,  n i cke l - i ron , nickel - z i nc ,  z i nc/i ron-ai r ,  z i nc-chlorine , l ithium­
i ro n  s u l f i d e ,  and s o d i u m - s u l f ur ( USDOE , 1 9 7 7). Because of  t he i r  
collm erc i al avai labi l i ty,  l i fe and cost , lead-ac i d  batter i es are the 
bes t opt i on for electr i c  veh i c l es such as farm tractors .  Research on 
l ead-aci d  batteries is l eadi ng to higher energy dens i ties , l ower costs 
a nd l o nger l i ves ( Horns t r a  e t  a l . ,  1 9 84). A l ong operat i ng l i f e i s  a 
m a j o r  ·c o n c er n  i n  bat t er y  d e v e l o p m e n t  be cau s e  bat t er y  l i f e i s  
c r i t i c a l  t o_ach i ev i ng a c c ept a b l e  deprec i a t i on c o s t s  f o r  e l ec t r i c  
veh i c l e s. The s pe c i f i c  en e r gy and t h e  cycle l i f e o f  n i ckel - i r on 
ba t t e r y  s y s tem s exc eed t ho s e  o f  l ead�a c i d  sys t e m s .  Ho w ever , t h e  
�OlJTH DAKOTA STATF IINIVJ:DC::ITV 1 U�DADv 
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nicke l - i ron battery requi res m o re chargi ng energy relat ive to useful 
output energy compared to the l ead-aci d type and thi s ineffici ency i s  
not acce ptabl e (Hornstra e t  al . 1 984). 
The USDOE ini t i ated an e l ectr i c  veh i cl e  proj ect ear l y  in 1 978 t o  
deve lop i mproved e l ectri c  vehicle b a t t e r i e s  ( USDOE , 1 9 8 2 ).  Al t ho ugh 
the s pe c i f i c  ene r gy i s  h i gh e r  f or n i ck e l - i r o n  and n i cke l - z i n c 
batter i es com pared to the l ead-acid battery , the speci f i c  cost i s  l e s s  
f o r t h e l e a d-a c i d  b a t t e r y ( T a b l e  2 ) .  B a t t e ry r e s e a r ch goa l s  
estab l i s hed by the DOE are to ach ieve: 1) capaci ty of 20 to 50 kWh , 2) 
e f f i ci ency exceeding 70 per�ent , 3) l i fe exceedi ng 1 , 600 cycl es and 4 )  
speci f i c  power of 1 30 W /kg (Quinn , 1 984). Eff i ciency , cycl e  l i fe ,  and 
l i f e - cy c l e co s t , i n  co.m b i nat i on ,  f avor l e ad ac i d  ba t t e r i e s  o v e r  t h e 
best com merci al ly ava i l able al ternat ives (Table 3). 
Aut o m o t i ve E ng i ne e r i ng ( 1 9 7 7 ) reported that a high energy l ead­
a c i d  b a t t e r y  had been deve l o p e d  i n  U . K .  I m p roved veh i c l e  range a n d  
i ncreased battery cycle l i f e  were obtained us i ng a tubu l ar des i gn f o r  
t he po s i t ive electrode . 
Ex i d.e C or p o r a t i on c o n duct e d  t e s t s  w i th eight , 35-pl ate 3100-Ah 
l ead-aci d cel l s  in four com pe t i ng pre-prototype des i gns . Us i ng an 80% 
depth o f  discharge (DOD), 1 , 574 cycles were obtained when cycl i ng the 
bat t e ry t w i ce per day at .a m b i e n t  t e m pe r a t u r e s  rangi ng f r o m  3 5°C · t o  
4 5°C ( USDOE , 1984). 
T h e  nat i onal B a t t e r y  T e s t  L a b o r a t o r y  ( NBTL) ha s eva l ua t e d· ove r 
Table 2 .  Battery performance data 




accomp . ( 1 982 ) 41 
proj ected ( 1986 ) 56 
Ni cke l - iron 
accomp . ( 1 982 ) 48 
proj ected ( 1986 ) 56 
Ni cke l -z i n c  
accomp . ( 1 981 ) 68 
proj ected ( 1 986 ) 7 0  
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Speci f i c  Cycle Specif i c 
power* l i fe* cost** 
W/kg $/kWh 
1 04 5 08 55 
1 04 8 00 
1 03 8 1 6  90 
1 04 8 00 
131  1 79 90 
1 2 0  8 00 
*Specific energy i s  at a 3-hr discharge rate . Spec i f i c  power was 
peak power ( 30 second average ) at 50 percent state of charge . Cyc l e  
l ife was e stiaated f o r  cyc l i ng t o  80% depth-of-d i scharge ( DOE , 
1983 ) . 
**Proje cted cost i n  1 990 . 
1 , 000 c e l l s i n  t he f o r a  o f  t h r e e  to s i x ce l l  a o du l e s .  Add i t i o na l l y ,  
the NBT L h a s  t e s t e d  l ar ge bat t e rie s o f  up t o  1 4 0  ce l l s . . Ia p a c t  o f  
teaperature o n  cyc l e  l i fe was studied w i th a lead-acid aodule .  Cycle-
l ife decreased when temperatures were bel ow 15°C or above 52 ° C ,  and an 
opt i aal cycle l ife was achieved when teaperatures ranged between 30 °C 
to 44 ° C .  NBTL cycle tes t s  for sealed lead-aci d  batteries showed that 
a 972 cycl e  �ife was achieved using an 80 percent DOD cycle at a 5 �hr 
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rate. However , partial recharge cycles w ith test batteri e s  between 80 
p erc e n t  and 2 0  p e r c e n t  DOD re s u l t ed in 1 , 336 cyc l e s ( Ho r n s t r a  et a l . 
1 984 ) . . 
Tabl e  3 .  Efficiency and cycle l i fe of d i fferent batter i es 
T ype Effici ency 
Pb-aci d 75 
Ni -Fe 50 
Ni -Zn 60 




A l -a i r  n/a 
Effici ency i s  the r at i o  
input from charger . 
*Based on 1 980 dol l ars 
Cycle l i fe 









of the output 
L i fe cycle 
cos t *  
cents/m i l e  
23. 9 
24 . 9  
26 . 6  
20 . 1  ( proj . , 
n/a 
22 . 0  ( proj . ,  
n/a 
n/a 




Sodi um -sul fur and z i nc- b r o m i ne ba t t e r i e s  appe a r  p r o m i s i ng f o r  
l on ge r  t e r m  e l ec t r i c  veh i 9l e app l i cat i ons . Ford Aerospace and Ford 
M o t o r  �o m pany d e s i gn e d  a s o d i u m - s u l fur bat t e ry wh i ch a�h i eved a n  
average l i fe o f  675 cycl es ( Har l ow et al . 1 984) . 
Recent p r o gr e s s  o n  Exxon's  z i n c - b r o m i n e b a t t e r y  r e s e a r c h 
i n d i c a t e s  t h a t  the m anu f a c t ur i ng co s t  f o r  t h e s e  b at t e r i e s w oul d b e  
$28/kWh. I n  the f i na l  des i gn ,  e lectrode and e lectro lyte performance 
w e r e  e q u i va l e n t  t o  65 to 7 0  W h /kg and over 2 5 0  W /kg r e s pect i ve l y  
( Be l lows et al. , 1984). Feas i b i l ity studies of z i nc-brom ine batte r i e s  
proj ected speci f i c  energy and power higher than that of l ead-acid and 
n i cke l - i ro n  b a t t e r i e s .  F u r the r • o re , p r o j ected co s t s  f o r  a 2 0  k W h  
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si zed battery were less for zinc-bro m i ne batteries than for l ead-ac id 
batter i es ( US DOE , 1 98 3 ) .  
Motors 
M o t o r s  o n  e l e c t r i c  veh i c l e s  can be d i r e c t  c u r r e n t  ( d e) o r  
a l terna t i ng current ( ac) types . Di rect current motors can be series 
wound , s hunt w o und , c o m p o und , o r  p e r m a n e n t  m agn e t  t ype . F i e l d  and 
a r m ature w i nd i ngs a r e  i n  para l l e l  for shunt typ e  m o t o r s , whe r e a s  
s e r i e s  type m o t o r s  h ave f i e l d  a n d  a r m a t ure c i r cu i t s  w h i ch a r e  
c o n n e c t e d  i n  s e r i e s . C o m pound a o t o r s  have t wo f i e l d  w i nd i ngs . I n  
pe r m an e nt m agne t type m o t o r s  t he f i e l d i s  s u pp l i e d by a per m anen t 
magnet ( Buck and Hughes , 1 981 ) .  These four types o f  e l ectr i c  motors: 
1 )  are r eve r s i b l e ,  2 )  are s e l f�s t ar t i ng ,  3 )  deve l o p h i gh t o r que a t  
zero s peed, 4 )  provide ful l -rated output w i th high efficiency over a 
w i d e r a n ge o f  s pe e d s  and 5 )  deli ver t w o  t o  t h r e e  t i m e s  c o n t i nu o u s 
r at i ngs for short per i ods (OTA , 1 982 ) .  
S e r i e s w ound d e  m o t o r s  have the f ol l o w i ng advan tage s :  1 )  f i e l d  
and a r m a ture c i r cu i t  are c onne c ted i n  s e r i e s , s o  the s a m e  c u r r e n t  
fl o w s  t h r ough b o t h  o f  t h e m  r e qu i r i ng o n l y  o ne c o n t r o l l e r , 2 )  t h e  
s peed - t o r que c h a r a c t e r i s t i c s o f  s e r i e s  w o und m o t o r s  c l os e l y  m a t c h  
ele c t r i c  ve h i c l e  n e e d s  ( i . e .  t h e  t o r qu e  i n c r e a s e s  a s  the l o ad p l a c e d  
upon t h e  m o t o r  i n c r e a s e s ) ,  a n d  3 )  s e r i e s  m o t o r s  a r e  m o re co m m o n l y  
ava i l ab l e  and a r e  l e s s  c o s t l y than t he o t h e r  d e  m o t o r s  ( Ch r i s t i an , 
1 980 ) . I f  the mechan i ca l  l oad i s  disconnected , whi le the e l ec�r i ca l  
supp l y  i s  connected , and i f  safety devices fai l , a series wound m o t o r  
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wi l l  overspeed and self destruct . 
Gene r a l  E l e c t r i c  and A i R e s ea r c h  h ave developed elec t r on i c a l l y  
co m m utated motors w i th peak eff i c i enc ies o f  90 percent (USDOE , 1 983). 
Thes e m o t o r s  w ei gh 50 to 8 0 %  l es s  t h an c onven t i o n a l  de m o t o r s . 
Maxi mum com bined motor and con t r o l l er e f f i c i en c i es were 9 0  per c e n t  
( U SDOE , 1 9 8 2 ) .  
A l t er n a t i n g c u rrent m o t o r s  c a n  be s y n c h r onous t ypes w i t h 
ef f i c i en c i es greater than 95% o r  i nd u c t i o n types w i t h ef f i c i en c i es 
above 9 0% .  A s yn c h r o n o u s  m o t o r  i s  a n  a c  m o t o r  that h a s  a f i e l d 
w ind i ng exc ited by de.  On the other hand , an induct i on motor i s  an ac 
m otor that has a f ield winding exci ted by trans former act i on from the 
armature (Buck and Hughes , 198 1). 
Genera l  E l ec tr i c ,  E xxo n , E a t on , and R e l i ance E l ec t r i c  a r e  
researching ac motors i n  electr i c  veh i c l es; however ava i l abi l i ty and 
c o s t o f  c on t r o l l er s  have r es t r i c t ed u s e  of a c  m o t o r s  i n  bat t e r y­
powered electric  vehicles (Chr i s t i an ,  1 982). 
An ac p r o pu l s i on s y s t em deve l o ped by t h e  Eaton C o r p o r a t i o n , 
demons trated better eff i c i ency and power-to-weight rat io than exis t i ng 
de propu l s i on system s (USDOE , 1 982). Ford Motor Company has advanc ed 
a c  technol ogy for elect r i c  veh i c l es w i th em phas i s  on achi eving a l i ght 
w e i gh t , l o s t- c o s t , and e f f i c i en t  e l e c t r i c  p o w er t ra i n .  E a t o n  
developed a 140 kg propul s ion s ub s y s t em con s i s t i ng o f  a n  o i l - c o o l ed 
m otor , a control l er and a two-speed autom at i c  t rans-axl e . . The autho r s  
d i d  n o t  spec i fy the actor . power ( USDOE , 1 983} .  
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M or e  than one motor m ay be used in e l e ctric vehi cles : one or m ore 
for t rac t ion , one for hyd r auli c s , o ne f o r  s te e ring and one f o r  t h e  
p o w e r  t ake- o f f .  Howeve r , f u n c t i on s  m ay b e  combined through c l ut ches 
and trans mis s i ons so that only one m otor is required. Se l ecting the 
o p t i m a l  n u m b e r  a n d  t y p e s o f  m o t o r s  invo l ve s  c o m par i ng m o t o r  
characteris t i cs , costs and the interactions with control lers and other 
c o m po n en t s .  Coo l ing and o ve r s pe e d  p r o t e c t ion are i m p o r t a n t  de s ig n  
considerations as we l l .  
M o s t  electric vehic l es use series w ound de motors for traction . 
However ,  H-M -Vehicles of Minnesota m akes a three-whee led design using 
a p e r•anen t  m agne t  m o t o r  wit h a v ariab l e  s peed t r an s m is s i on a n d  
F l in d e r s  Un i vers i ty o f  S o u t h  Aus t r a l ia d e ve l o ped a prin t e d  c i r c uit 
m otor and el ectronic control gears for  an e l ectric vehicle _( Chris t i an ,  
1980 ) . 
Contro l l er s  
T h e  c o n t r o lle r s  r e gu l at e  t h e  f l ow o f  e l e c t r ic ity f r o m  t h e  
b a t te r i e s to t h e  m o to r s . Th r e e  d i f f e r e n t  t ype s o f  c o n t r o l l e r s  a r e  
contactors ,  chopper contro l s  and battery switching devices .  
A c o ntactor u s e s  a s e t  o f  r e s i s t o r s  t o  adjus t the c u r re n t .  T h e  
disad v a n t age o f  t h i s  t y p e  i s  t h a t  c o n t r o l  i s  achiev e d  b y  t h e  
d i s s i pa t ing energy through t h e  in s e r t e d  r e s is t ance , r e s u l t in g  i n  a n  
i neffi c ient energy syste m . 
C h o p p e r  contro l l er s  u s e  s i l ic o n - c on t r o l l e d-r e c t if ie r s . T h e  
c h o pp e r· l i• i ts current t o  t h e  • o to r  b y  a c t i ng as a no n a ov i ng s w i t c h  
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t h a t  t u r ns the bat t e ry vo l t ag e  t o  t h e  m o t o r  on and o f f .  The c h o p p e r , 
by varying the pul ses per s econd and the i r  t i me duration,  l i m i ts t he 
current to the m otor. Th i s  m e thod achi eves effi ci encies in the range 
o f  9 0  t o  95 percent , e v e n  w h e n  t h e  p o w e r  thr ough the c o n t r o l l e r s  
vari e s  cons i derably ( Wakefi e l d ,  1 9 7 7 ). 
Battery swi tching devi ces connect the appropriate num ber of the 
c e l l s  i n  t he b a t t e r y  p a c k  t o  t h e  m o t o r  f o r  a n y  g i v e n  d e • a n d  
( Ch r i s t i an ,  1 9 8 0) .  Al t ho u gh t he s e  a r e  l e s s  expens i ve a n d  m o r e 
r e l i ab l e  t han choppe r t yp e  c o n t r o l l e r s , t he s e  typ e s  o f  c o n t r o l l e r s  
decrease battery l i fe .  
One o f  the funct i ons o f  a control l er m ay be regenerati ve brak i ng ,  
w h e r e  t he a o to r  i s  u s e d  a s  a ge n e r a t o r  t o  c reate e l e c t r i c i ty d u r i ng 
d e c e l e r a t i on .  The va l ue o f  t h i s  i s  b r ak i ng e.f fe c t i ve n e s s  a n d  
s m oothness,  aore than energy s av i ngs , i n  l ow-s peed vehi c l e s s u c h  a s  
forkl i f t s . 
H igher battery vo l tage · lowers the current requi rement for a given 
l o a d , · w h i c h g e n e r a l l y  l o w e r s  t h e  p r i c e o f  t h e c o n t r o l l e r . 
Conventi onal s izes for s m al l vehi c l e s  s uch as forkli fts range from 3 2  
V t o  8 0  V ,  whereas l arger vehi c l es such a s  m ine vehicles usua l l y  u s e  
h i gher voltages , ranging f r o m  1 2 0  V to m ore than 2 00 V. 
Four aajor users o f  e l ec t r i c  l i ft trucks reported that e l e ctron i c 
cont ro l s were preferred over r e s i stor controls  because the· e l ectron i c  
type required · less repa i r  work , decreased battery charging t i me , · a nd 
p r ov i d e d  added p r o t e ct i o n-a ga i ns t  t h e  possibi l ity of operati ng w i th 
2 1  
over-d i scharged batte r i es ( Mann , 1 9 7 1 ). Advances s ince 1 97 1  have m ade 
t he res i s tance con tro l l ers near l y  obsolete in large electr i c  veh i c les . 
C r i t e r i a  o f ten u s e d  f o r  s e l e c t i on o f  a c o n t r o l l e r a r e : 1) 
si mpl i c i ty of circui try , 2) m i n i m al numbers of components ,  3) qua l i ty 
of com ponents ,  4 )  fai l -s afe c i rcu i t ry opt ions , 5)  ease of m aintenance 
and 6) re l i abi l i ty.  A prope r l y  des i gned control ler al lows an e l ectri c 
ve h i c l e  t o  s h i f t  s p e e d s  a n d  d i r e c t i on w i th s m o ot hne s s  e qu a l  t o  a 
hydro s t a t i c  tran s m i s s i o n y e t w i th a m u ch h i gh e r  e f f i c i e n c y  o f  
approx imately 90 percent ( Chri st ianson et al . ,  1 984 ) . 
Gou ld and Lerc deve l oped an ac induct ion�motor contro l l e r .  Thi s 
i m p r o v e d  cont r o l l e r  u s e s  l o w - cost resi stors as a s w i t ch i ng el e m en t  
and i s  capable of chargi ng t h e  tract i on batteries , us ing e s sent ial l y  
the same circuit components a s  the contro l l er ( USDOE,  1 982 ) . 
Chrys l e r deve l o p e d  a c o n t ro l l e r  f o r  de bru s h - type m o t o r s . It 
u s e s  t w o  t r ans i s t o r  c h o pp e r s  f o r  f i e l d  contro l .  Al t h o ugh i t  w a s  
i n t e n d e d  for us e w i t h c o m p o und - w o und d e  m o t o r s ,  i t  c o u l d a l s o  b e  
adapted f o r  u s e  w i th s e r i e s o r  s hunt wound m o t o r s .  O ve r  a f a i r l y  
broad range , eff i c i ency o f  thi s control ler i s  bet ter than 95 percent . 
Chrys l e r a l s o  deve l o p e d  a d e  c o n t r o l l e r  w h i ch a c h i e ve d  9 5  p e r c e n t  
effi c i ency over a broad operat i ng range . The s w i tching frequency of 
t h i s c o n t r o l l er w a s  i nc r e a s e d  to 15 kHz , t hus e l i m i na t i ng au d i b l e 
noi s e  (USDOE , 1 9 8 3 ) .  
T h e  n e w e r  gene r a t i on rif S C R  contr o l l er s  p ro vi de : 1 )  i m p r ov e d  
acce l e r a t i o n  c harac ter i s t i c s , 2 )  s m oo t h  s ta r t i ng und e r  l o a d , 3 )  
' 
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i nc r e a s e d  Jo a d  s t a b i l it y ,  4 )  i m p r oved c r e e p  at l o w s pe e d s , 5 )  a d d e d  
plugging . .  { · fting from forward to reverse whil e in motion )  cont ro l 
w i th r e du c e d  w he e l  s k i d  and unan t i c ipat ed m ove m e n t , 6 )  g re a t e r  
r e l i a b i l i t y a n d  r e d u c e d  m a i n t e n a n c e  d u e  t o  f e w e r  p a r t s  a n d  
connect i ons , 7 )  extended operati ng eff i c i ency and battery l i fe and 8 )  
reduced operator fat i gue ( LI A ,  1 98 0) .  
Charge r 
Several types of chargers are avai l able , some permanentl y  • ounted 
on the veh i c le and others rem a ining at the chargi ng s tat i on.  Charger 
-
o u t p u t  ( th e  c h arge p r o f i l e )  i s  u s ua l l y  t ap e r e d  t o  m ax i m iz e  bat t e r y  
l i fe ( Chr i s t i an ,  1 9 8 0) .  Mo s t  c o m m on l y  u s e d  charge r s  a r e  3 -p h a s e  2 2 0  
vol t  and attain efficiencies o f . over 8 0  percent ( Christianson et al . ,  
1 984 ) . 
A charger must m atch the vol tage and current from the e l ectrical 
r e c e p t a c l e  t o  the v o l t a ge and a c cep tance c u r r e n t  of the b a t t e r y  
throughout charging. I t  shou l d  be connected to a power outl et at the 
vo l t age for w h i ch i t  i s  d e s i gne d .  Any c i�c u i t  whic h  m ay vary i n  
vo l tage by +1 0 percent shoul d  be avoi ded or damage to the charger may 
result ( Wakefie l d ,  1 9 77 ) .  
I nstrumentation 
Sta n d a r d  i n s t r u • e n t s  i n  t y p i c a l . e l e c t r i c  v e hi c l e s  a r e  
tacho • e te r s , · a m m e t e r s , v o l t m e t e r s , s t ate o f  charge m e t e r s , a o t o r  
t e m p e r a t u r e  s e n s o r s  a n d  w a t t -hr m e t e r s  ( Ch r is t ian , 1 98 0) .  U s u'a l ly 
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t h e r e  is one am m e t e r  and vo l t m e t e r  for e a c h  m o t o r .  
Other typical control s  are a key s w itch , reversing switches , and 
bypa s s  s w i t c h e s .  Bypa s s  s w it ches a l l o w  c u r r e n t  t o  bypa s s  t he 
control l er and f l ow d i rectly into the m otor for maxi m um motor output . 
Revers i ng switches a l l ow m otors to rotate in reverse direct ion when 
reverse m otion of the veh i c l e  i s  requi red.  
Hum an Factors Research on Cab Safety, Access i b i l ity and Contro ls 
Hu m a n f a c t o r s  is a m ult i- d i s cip l in a r y  a c t iv i ty c o n c e r n e d  w it h  
insur i ng that machines ,  task operat ions and environments are des igned 
to m a t c h  h u m an capa cit ie s ·and l im it a t io n s  ( S m it h  and S m it h , 1 9 8 2 ) .  
Al l factors whi ch affect operator reactions and safety are important. 
The anatomy , phys i o l ogy, and psychol ogy of the operator i nteract with 
mach i ne and environm ental fac tor s .  Considerations of hum an factors in 
design can yie l d  improved operator productivity,  safety,  heal th ,  and 
s at i s faction . 
F a r m  t r a cto r hu m an f a c t o r s  r e s e a r c h  h a s  f o c u s e d  �n o p e r a t o r  
s a fe t y  in s i de cabs , o n  c ab in te r i o r s  a n d  c ab env i r o n m ent . F o u r  
aspe c t s  o f  h u m an f a c t o r s  a r e  p a rti cu l ar l y  r e l evant t o  t r a c t o r  c a b  
des i gn f o r  a chore tractor :  cab safety , cab accessibil i ty ,  l ocations 
of cab control s and displ ays , and vis i bility from the cab. Research 
resul ts in these areas are ci ted be low.  
Th e Nat i ona l S a f e t y  Council ( N S C , 1 9 84) r e po r t s  t hat t r acto r s  
were invo lved in 8% o f  al l farm inj uries and al most 27% fatal i t ies in 
1 983 . D a t a  r ega r d ing in j�rie s due t o  c a b  a c c e s s ibi l it y , ( i . e .  whil e 
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get t i n g i n  o r  o u t  o f  c a b ) a re n o t  p r o v i ded . The N S C  l is t s  o n l y  
r e po r te d  a c cid e n t s  and d o e s  n o t  l i s t  m inor a c cidents and op e r a t o r  
i rr i t at ion d u e  t o  i nconveni ences . 
S ch ne i de r  ( 2 9 3 3 ) r e po r t e d  t h a t  2 8  p e o p l e  were kil l e d  over a 1 3 -
year period, from ·19 70 to 1982 , i n  the State of Nebraska. The report 
incl uded deaths from acci dental l y opening a cab door whi l e  the veh i c l e  
w a s  in motion or from co l l is i on with ano ther vehicl e  when the operator 
was t h r o w n  f r o m  t he t r a c t o r  t h r o ugh t h e  cab do o r .  A l l of t he s e  2 8  
v i c t i • s  c o u l d  have b e e n  s aved w i t h Ro l l  Ove r P r o t e c tive S t ru c t u r e s  
(ROPS ) .  Hanford and Fletcher ( 1 983 ) reported on a 30-state survey of 
farm accidents . More than 25 percent of a l l  work rel ated bruises and 
fractures invol ved chore. type act ivi ty ( Table 4 ) .  Total reported work 
inj ur i es were 503 for 4, 374 farms i n  Kansas , South Dakota, Nebraska, 
and C o l o ra d o  i n  1 9 8 1  ( Han f o r d  a n d  F l e t cher,  1 9 8 3 ) .  The cause o f  
accidents was not def ined s o  that those resul ting from mounting and 
di sm ounting from the cab or acc i dental activati on of controls  dur ing 
chore j obs were known. 
B o t t o m s  et a l . ( 1 9 7 9 ) ex per i m en t e d  in t he l ab o r a t o ry us i ng a 
simul ated tractor cab in order t o  qu ant i f y c r iteria a f f e c t i ng e n t r y  
and exi t .  Exteri or cri ter i a  s tudied were steps , handholds and doors . 
C ab i nterior variab les in the ana l ys i s  were the dim ensions of cab 
W id th .  s t e e r ing w h e e l  d i a m e t er ,  s e a t  g a p : a nd ge a r  l eve r p o s i t i on 
r e l a t i ve t o  t h e  s ea t .  S e a t  gap r e f e r s  t o  the d i s t�nce b e t w e en . t he 
f r o n t  o f  t h e  s e a t  a n d  t � e  nea r e s t  o b j e c t . C o nc l u s i on s  inc l uded : 1 . ) 
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T ab l e  4 .  Types of acc idents invol ving chore type activities on farm s  
i n  3 0  states ( Hanford and F l etcher , 1 983 ) *  
Types Percent 
Brui ses 26 . 5  percent of al l work related brui ses 
Fracture 3 1 . 1  percent of al l work related accident s  
Puncture 35 . 0  percent of a l l  the punctures reported 
* B a s e d  o n  s u r v e y  o n  2 9 , 5 9 8  f a r m s  i n  3 0  s t a t e s .  A c c i d e n t s  
and i njur ies r e po r t e d  f o r  p e r s o n s  1 i v i ng o n  a f a r m , w o rk i ng o n  a f a r m  
o r  v i s i t i ng a f a r m r e quir i ng p r o fe s s i on a l  care and l o s s  o f  o n e - h a l f  
day o r  more from usual activit i es . 
step w idths of 2 00 m m  a�e not suitab l e  for al l peopl e ,  so a s tep w i dth 
of 30 0 m• is reco m m ended , 2 )  t he bottom step distance froa the ground 
should not be more than 55 0 a m , and the opt i aal distance is 4 00 a a , 3 )  
access is i Eproved a s  door width i s  i ncreased , while w i der doors show 
negl igible bene f i t  i n  improvi ng the cab access and 4) the cab doorway 
shoul d  be aligned as nearl y  as possib l e  with the gap between seat and 
s teering for eas i er access ibil i ty .  
Di fficu l t  access to the seat created undue fatigue of the driver 
w h o  has to ge t o n  and o f f  the t r a c t o r  c o n s tant l y  ( G o o d m a n , 1 9 75 ) .  
I a portant factors were the number of s teps and the width of · the door 
for a i n i a i z i ng this fat igue. Moving the gear selector pos i t ion from 
f l oo r  to s h o u l d e r  h e i gh t  to p ro vid e a c l e a r  cab f l oo r  i a p roved . c a b  
.
a c c e s s i b i l i ty becau s e  t h e r e  w e r e n o  o b s t r uc t ions i n  t h e  p a t h  o f'  c ab 
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entry and cab exi t  ( Hol l instead , 1 9 79 ) .  More recent l y ,  Po!er Farm i ng 
( 1 982 )  reported cab accessibi l ity depends on w i dth of doors and how 
they are h i nged , an absence of proj ections , l ocati ons o f  hand l es and 
t he size and spaci ng of s teps. 
T h e  e f f e ct o f  s e a t  and c o n t r o l d e s i gns on t r a c t o r  o p e r a t o r  
e f fort and s tress m easured a s  funct i ons of operator resp i rat ion rate 
and h e a r t  r a t e , w e r e  i nve s t i gat e d  to i m p r ove cab de s i gn s  ( Dup i u s  
1 9 5 9 ) .  The s t udy s ho w ed that the c o n t r o l l eve r s  shou l d  b e  l o c a t e d  
c l os e  t o  the peri m eter o f  the s pace whi ch m ay be conveni entl y  reached 
by t h e  o pe r a to r ' s  h and . A l s o ,  l o c a t io n  o f  these l e ve r s  a t  t h e  
approx i m a t e  hei gh t  o f  the s t e e r i ng w h e e l w o u l d  m i n im i z e  h a n d  
move m ents , save t i me and reduce energy requirements. W i th i m proved 
locati on of control s  and an i mproved seati ng arrangement human energy 
r equ i re m e n t s  w e r e  r educed by 2 4 . 2� f o r  f i e l d  t rave l and 1 3 . 9� f o r  
l oadi ng m anure w i th a f ront-m ounted l oader , a s  compared t o  operator 
energy requi re ment on an unmodif i ed tractor.  He also found that the 
. ' 
f o r c e  n e c e s sary t o  e n ga ge t h e  hand park i ng brake was 0. 1 t o  0. 4 kN , 
w h i ch was .so metimes greater than the perm i ssible 0. 15 kN. 
Uni form i ty among contro l s  i s  i •portant (Lucas , 1 973 ) .  Control s  
shoul d  operate i n  s uch a way that thei r m ovement produces the expected 
a ov e m e n t  o f  the v eh i c l e  c o m ponen t , t h a t  i s , upward m ove m en t  of t h e  
speed c ontro l should increase forward speed. 
Eas t • an ·Kodak ( 1 983 ) reco m m ended overhead reaches for . controls o f  
no t a o r e  t h a n  6 0  e m  above t h e  o pe ra t o r  s e a t .  D i s p l ays s h o u l d  b e  
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l o c a t e d  s o  that s t r e t c h i ng o f  t h e  ne ck is avoided , and t h i s i s  
achi eve d  at · view i ng d i s tances between 36 e m  and 46 e m  w i th viewing 
angl e s  o f  1 5 °  ve r t ic a l l y and l at e ra l l y  o f  t h e  cent e r  l i n e  ( Eas t m a n  
K o dak . 1 98 3 ) .  
A s w ivel l ing seat was of benefit to the driver , part i cu l arly for 
tasks l ike plowing and bal ing , which requ i re mainly rearward visual 
m on i t o r i n g ,  a c c o r ding t o  a s ubj e c t i v e  eva l uation at t h r e e  f ar m s  
( Bo t to m s  and Barbe r ,  1 9 7 8 ) .  D e c r e a s e  i n  m u s c l e  ac t i v i ty in the 
shoulde r  and neck regions were observed when the seat was s wivel ed up 
t o  2 0° .  
A c onve x  m i rr o r  w i t h  m ini m u m  dim ens ions o f  2 0  e m b y  3 0  e m  
improved the vi sibi l i ty o f  the areas o n  the ground that the operator 
c ann o t  s e e d i r e c t l y  ( S j o f l o t , 1 98 0 ) .  Th i s  m i rr o r  m u s t  be m o unt e d  
appropr i ate ly to provi de cab viewing o f  the criti cal area. 
ASAE , SAE and OSHA Standards . 
Guidelines to improve operator eff i ciency ,  conveni ence· and safety 
o n  veh ic l e s are p r o v i de d  b y  t h e  A m e r i can S o c i ety of Agr i c u l t ur a l  
Engin e e r s  ( ASAE , 1 98 4 ) ,  t h e  S o c i et y  o f  Au t o m ot ive Engi n e e r s  ( SA E , 
1 98 2 ) .  and the O c c u p a t i ona l  S a f e ty and He a l th Adm i n i s t r a t io n  ( C F R , 
1 984 ) .  These relate t o  cab acce s s i bil i ty ,  uni form i ty o f  l ocation and 
direction of motion for operato r  control s  and the no i se leve l s  in and 
around the cab. 
S t andards f o r  cab a c c e s s i n  o f f- r o a d  vehic l e s  which aid in 
a i n i a i z.i ng a c c i de n t s  and· i nj u r y  t o  the operator are de f in e d  b y  SAE 
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S t a n d a r d  J 1 8 5 , A c c e s s  S y s te m s  f o r  O f f - r o ad M a ch i n e s .  S t e p s , 
handho l d s ,  hand r a i l s  a n d  d o o r  d i m e n s i ons are spec i f i e d i n  th i s  
standard. The maxi mum he i ght o f  the f i rst step from the ground to the 
m a ch i ne shou l d  n o t ex c e e d  7 6 0  m m  when the m ac h i ne i s  in t h e  no r m a l  
parked posi t i on.  The m ax i mum distance between steps shoul d  not exceed 
400 • •  and s t e p  w i d t h  sh o u l d be m o re t han 300 m m .  Han d  r a i l s  f o r  
access purposes shou l d  begi n a t  a maxi mum hei ght o f  : l�70 m m  above the 
ground. Door w i dth of m ore than 460 mm and door he ight of m ore than 
1 320 mm from the f l oor are recommended ( SAE , 1 982 ) . 
The m ost des i rab l e  p l acement of hand and foot-operated contro l s  
f o r  c o n s t ru c t i o n and i nd u s t r i a l e q u i p m e n t  i s  descr i b ed in t h e  SAE 
J898 . C on t r o l L o c a t i o n s  for C o n s t ruc t i o n and I ndus t r i a l  E qu i p m e n t  
Design ( SAE , 1 982 ) .  Operator Controls i n  Agr i cultural Equipm ent , ASAE 
S t anda r d  3 3 5 . 2  and SAE S t a n d a r d  J8 4 1 , p r ovi de r e c o m m e nd a t i o n s  
r e ga r d i ng t h e  l o c a t i o n and d i r e c t i on for the control s whi ch operate 
brakes , c l utches , engine speed , ground speed and d i rect i on ,  steeri ng 
and i �� l e m en t s .  W h e n  a h an d - o p e r a ted , va r i ab l e  spe ed. c on t r o l  f o r  
gr o und spe e d  a n d  d i r e c t i o n c o n t r o l  i s  pro v i ded , the c o n t r o l l e v e r 
shal l be m oved forward from the neutral position for forward t ravel 
and inc reasi ng �orward speed. It shal l be aoved genera l l y  rearward 
from the neutral position for rearward travel and i ncreasing r earward 
speed ( ASAE , 1 9 8 4 ) .  I n s t r u m e n t  F a c e  De s i gn a n d  Lo c a t i o n f o r  
Construct i on · and I ndustrial Equi pment , SAE Standard J209 , · recom mends 
i n st r u m e n t  d e s i gn c r i t e r � a . a n d  i ns t r u m ent group i ngs f o r  i m p r o v e d  
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pe r f o r m ance , e a s e  o f  o pe r a t ion , and p r o t e c t ion o f  m a c h ine and 
operator . 
The in s t r u m e n t a t io n  a n d  p r o c e d u r e  to be used in m e a s u r in g  
exter i or sound l eve l s  of se l f-prope l l ed agricu ltural fie l d  equipment 
of 1 5  k W  or m o re a r e  r e c o m m e nded in t he SAE S t andard J 1 0 0 8 .  N o i se 
expo s u r e  is l i m it e d  to 9 0  dbA , as  im p o s ed by the . OS HA r e gu l a t ion 
1 9 1 0 . 95 , O c c u p a t ion a l  N o ise Exposur e , for an 8-hr day , o r  h i gh e r  f o r  
less t i me.  
DES I G N  
Design Q f  the battery-pow ered chore tractor , named the _ Electri c 
Chore master , was a team endeavor.  Veh i c l e  requi re ments were analyzed 
t h r ough l i t e r a t u r e  revi e w , m e asure m e n t s , c a l c u l at i on s , per s o n a l  
correspondence and j udgments of the E l ectri c Chorem aster design team . 
On c e  de s i gn c r i t e r i a  w e r e  e st ab l i sh e d , de s i gn t asks w e r e  d i v i ded 
ac c o r d i ng to : 1 )  veh i c l e  d r i ve t r a i n ,  2 )  bat t e r y  and e l e c t r on i c  
c o nt r o l  s y s t e m , 3 )  f ra m e  and suppo r t i ng s t r u c t u r e , and 4 )  veh i c l e  
conf i gurat i on and cab design. An exi st i ng tractor chassi s  was chosen 
to serve as a starting poi nt _ for the E l ectr i c  Choremaster because the 
des i gn proces s  was constrained by t i m e  and aoney. 
T h i s  a u t ho r ' s  r e sp o n s i b i l i t i e s  w er e  t o : contr i bute to the 
de f i n i t i on of the de s i gn c r i t e r i a ,  d e ve l op a l te rnat i ve s  for the 
vehi c l e  confi gurati on and cab design ,  s e l ect the best al ternati ve and 
l o c a te the c o n t r o l s  and d i sp l ay s  i ns i de t he cab by fo l l o w i ng 
estab l i shed standards and hum an factors considerati ons. The goal was 
to d e s i gn a p r a c t i c a l , b a t t e r y - p o w e r e d . c h o r e  t r a c t o r  u s i n g 
c o a m e r c i a l l y  ava i l ab l e  c o m ponen t s .  C o m ponent s se l e c t e d  by o t h e r  
m e a b e r s  o f  the d e s i gn t e a m  a f f e c t e d  t h e  ve h i c l e  c o n f i gu r at i on 
al t e rnat i ve s ;  t h e r e f o r e , these c o m ponents are d e s c r i bed i n  t h i s  
sect i on .  
Power and Energy Requ i rements 
Several typ i cal farm chore tasks were defi ned as tasks whi ch an 
e l e c t r i c �  .ba t t � ry - po w e r e d  t r a c t o r  s ho u l d  be ab l e  to p e r f o r m .  The 
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p o � e r  r e q u i r e m e n t s  a n d  t yp i c a l  l o a d  dur a t i o n f o r  the s e  t a s k s  w e r e  
esti ated us i ng data publ i shed by the I mple ment and Tractor { 1 984 ) and 
Hunt ( 1 9 7 7 ) .  Fe e d  w agon o p e r a t i o n and t r ave l to the f i e l d  and b a c k  
w e re t h e  t w o c o m m on t a sks r e qu i r i ng t he h i ghe s t  p o w e r  o u t p u t : the 
f i rs t  at l ow-speed and high torque, the l atter at  high- speed , and low -
t orque . 
Resen ( 1 98 1 )  showed that on South Dakota farms the average power 
r equ i re m e n t  f o r  the chore t r a c t o r  w a s  l e s s  than 39 k W h .  Ve h i c l e  
w e i gh � s  f o r  3 8  t p  4 0  k W  p t o  p o w e r  t r a c t o r s  t e s t e d  a t  the N e b r a s k a  
Tractor Tes t Laboratory between 1 9 73 and 1 983 ranged between 29 k N  and 
42 kN ( I mplement and Tractor, 1984 ) .  The m axi mum drawbar pul l ranged 
b e t w e en 2 2  kN and 4 0  kN at t r a c t o r  s pe e d s  b e t ween 2 k m / h  a n d  5 k m / h  
for these tractors (Appendix A) . 
The power requi rements for t he feedl ot operat i ons , as sum i ng a 2 0  
kN drawbar l oad a t  a forward speed of 5 km /h , were est i mated a s  4 5  kW 
and en e r gy r e qu i r e m e n t s  w e r e  e s t i m a ted as 39 k W h .  The s e . e s t i m at e s  
were based o n  three 15-m inute feedi ng trips between the feedlot and 
• 
the feed s torage locat i on on soft , wet ground having a coe f f i c i en t  
o f  rol l i ng res i s tance of 0 . 25.  
P o w e r and e n e r gy req u i r e m en t s  for the t r av e l  t o  t he f i e l d  and 
back were es t i m a ted as 42 k W , and 2 1  kWh respe c t i ve l y .  T he s e  
esti aates assume a forward speed o f  3 0  km /h and 30 m inutes o f  trave l 
t i a e  p e r  t r i p  over ground w h i ch has a c o e f f i c.i e nt o f  r o l l i ng 
r es i s t a n c e  o f  0 . 0 5 . No d r a w b a r  l o ad and no i n c l i nes . w e r e  a s s u m e d  
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( Ap p e n d ix B ) . 
Battery Capacity 
Batteries should have the capaci ty t o  store and discharge energy 
t o  m e e t  the ene rgy r equire m e n t s  f o r  o n e  day o f  chore o p e r a t i o n s .  A 
b a t t e ry sy s t e m  w a s  pr e fe r r e d  w hich h a d  a usab l e  e n e r gy s t o r age 
c ap a c i ty of 6 0  kWh over a 6 - ho u r  dis c h a r ge p e r iod was p r e f e r r e d  f o r  
t h e  e x pe r i m en t a l  v e h i c l e  w h i ch w o u l d  h ave exce eded � h e  expe c t e d  
requirements by 33%. Because batteries should not be discharged be l o w  
approx i m ately 8 0  percent of t h e  t o t a l  energy stored , a total capac i t y  
o f  75 k W h  would be required .  
A 1 28-vol t battery system was sel ected f o r  the prototype des i gn .  
I nitia l l y ,  a 72-vo l t  battery system was considered because that is a 
c o m m on s iz e  f o r  f o �k l i f t b a t t e r i e s , h o w ever , the 1 2 8 - vo l t  4 4  k W h  
s ys t e a w a s  c h o se .n  over the 7 2 - vo l  t s y s t e m  t o  l o wer t h e  c o st o f  t he 
motor . control ler , and w i r i ng. H i gher vol tage reduces the resi stive 
power l osses in components , but it a l so reduces battery reliability. 
Number o f  Drive Wheel s  
Four-wheel drive ( 4WD) was preferred over two-wheel drive ( 2 WD ) 
because a 4WD provides better traction and can develop more break-away 
thrust. Besides improved eff i c i ency and capacity ,  a 4WD is less l ikel y  
t o  s l i de out of contro l .  A 4WD tractor w i l l  grip equal ly wel l  facing 
uph i l l and d o w nhil l and i s  s a f e r  f o r  u s e  on s l opes ( Hu n t e r , 1 9 8 2 ) . 
P e r f o r m a n c e  w i t h  a d v e r s e  . s o i l  c o n d i t i o n s  a n d  o n  s l o p e s  w a s  
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par t i c ular l y  i m po r t ant f o r  t h i s t r a c t o r , w h i ch w a s  de s i gn e d  a s  a 
chore/ut i l i ty tractor . 
Another i mportant factor for a chore tractor i s  perform ance w i t h  
a l o ade r . . A 2 W D w i th r e a r  d r i ve a n d  a f r ont l o ade r d o e s  n o t  pe r f o r m  
w e l l w i th a loaded bucke t  b e c a u s e  t h e  f r ont whe e l s  s i nk , m ak i ng 
s te e r i ng a o re d i f f i cu l t ,  wh i .l e  caus i ng we i ght to be d i s t r i bu t e d  
i m pr o p e r l y  o v e r  t h e  t r a c t i on w h ee l s ,  thus r e du c i ng t r a c t i on .  
Tractors w i th the loader m ounted on the tract ion end of a 2 WD do not 
pe�for• wel l w i th the l oader bucket empty . because the veh i c l e  center 
of gravi ty is shi fted back by the weight used to counteract the loader 
when t he l oader i s  ful l .  
Steeri ng 
A r t i c u l a t e d  s�e e r i ng w h i ch pe r m i t s f u l l  drawbar p o w e r  t o  b e  
m a i n t a i ne d  througho ut a t u r n  o n  w e ak s u r faces w a s  c h o s e n  f o r  t he 
e l e c t r i c  c h o r e  t r act o r .  O t h e r  advant age s are : 1 )  s i m p l i c i ty o f  
o p e r a t i o n ,  2 )  go od m aneuve ra b i l i t y ,  3 )  s m o o t h  r i d e , 4 )  go o d  l oa d e r  
c o n t r o l ,  5 )  l o w c o s t , and 6 )  f l ex i b i l i ty i n  l o c at i ng t h e  m a j o r  
coaponents for the e lectr i c  tractor . 
F rue 
�he t r a c t o r  sele c t e d  f o r  • o d i f i c a t i on i nt o  an e x p e r i m en t a l  
prototype battery-powered chore t r a c tor had the de s i re d  a r t i c u l a t e d  
steeri ng system w i th 4WD ,  and i t  was approxi•ately the des i red s i ze o f  
vehicle  i n  terms of power , w e i ght , and work capaci ty · ( F i gure 1 ,  T�b l e  
5 ) .  
.- - - - - -,.. . I 
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Figure 1 .  Vehi c l e  conf i gurat i on for the or i gi nal tractor 
Number of Tracti on Motors 
Motor m anufacturers d i s agree about w hether a one-motor drive or ·a 
t wo - • o to r d r i ve . i s  b e t t e r .  O n e  m o t o r - d r i ve i s  s i m p l e r a n d  l e s s  
expens ive because the m otor replaces the diesel engine and .part of · the 
t r ans a i s s i o n  and t h e n  d i r� c t l y  c o up l e s  w i t h the r e m a i n i ng d � i � e  
syste• . The alternative two-motor drive · arrangement coul d  b e  u s e d  
Table 5.  Dimens i ons and spec i fi cations of the or iginal tractor 
Descri pt i on 
Wheel base : 
Maximum operat i ng we i ght with l oader : 
Overal l  length : 
Front of bucket to rear of tractor : 
D imens i on 
2 . 03 m 
4850 kg 
3 . 81 m 
5 . 00 m 
2 . 77 ll Overal l  he i ght : 
. Nomi nal turni ng radi us : 
Transm i ss i on : 
Brake : 
3 . 07 ll 
3 range hydrostat i c  
drivel ine mounted d i s c  brake 
Pto : 
Art i c u l ated osc i l lat ion of front to rear ax l e : -
Art i cu l ated angle :  35 degree i n  each 
Loader l i ft he i ght : 
Loader dump hei ght : 
Loader l i ft capac i ty to maximum hei ght : 
40 r /mi n 
1 1  deg 
d i rect i on 
3 . 25 ll 
2 . 4 8  • 
1090 kg 
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where a s ep a r a t e  m o t o r  d r i ve s  e a c h  ax l e  and t he t w o  m o tors a r e  
coord i na t e d  t hr ou gh t he e l e c t r on i c  c o n t r o l l e r .  A f t e r  c ar e f u l  
c o n s i de r a t i on , t he o ne m o t o r  d r i ve w as s e l e c t e d  b e cau s e : 1 )  o ne 
c o n tr o l l e r w a s  s i m p l e r and l e s s  expens i ve ,  2 )  one m o t o r  n e e ded o n l y  
o ne s pe e d - r e d u c t i o n s y s t e m  a n d  3 )  the par t i c u l a r  f r a m e  s e l e c t e d  
requi red fewer m odi f i cat i ons w i th a one-m otor syste m . 
Power Take Off and Hydrau l i cs Operat i on 
A system w i th one m otor to operate the pto , auxi l i ary hydraul i cs 
and steer i ng hydrau l i cs was preferred for the prototype des i gn. One 
m o t o r  w a s  cho s en t o  o p e r a t e  p t o  and hyd r au l i c s , b e c au s e  i t  requ i � e d  
only one contro l l er and motor and was less expensive than a two-m otor 
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syste m . A pr i or i ty valve arrangem ent di rects the power to steering as 
f i r s t  p r i o r i t y .  O t h e r  opt i o ns w e r e  t o  u s e  t w o  o r  m o r e m o t o r s  ( e . g . 
one a o t o r  f o r  a l l hyd r au l i c s a n d  one m o t o r  f o r  the p t o ) o r' t o  have a 
· hydraul i c rather than a direct , mechan i cal ly-driven pto . 
C ons i derat i ons i n  Locat ing Components 
W heel s ,  axl es , gear boxes and arti culation poi nt were defined by 
the t r a c t o r  s e l e c t ed f o r  m od i f i c a t i o n i n to the f i r s t  p r o t o t ype . 
Batter i es , cab , and l oader were the most c r i t i cal components to locate 
because of the i r  si zes . The remaining i mportant components were the 
t ra c t i on m o t o r , the pto -hyd r au l i c  m o t o r  and ge ar i ng ,  and the 
c o n t r o l l e r  p a ckage . Other c o m po n e n t s  w e r e  s m a l l and co u l d  be 
posi ti oned w i th l ittle  or no shi ft i ng o f  the m aj or components (Tab l e  
6 ) .  C o m po ne n t s  we re ar ranged ·re l a t i ve to e a c h  o t he r i n  an e f f o r t  
t o  opt i m i ze the i r  uni que functions ( F i gure 2 ) .  Thi s section describe s  
the des ign cons i derati ons o f  locating each m a j o r  component . 
Battery 
Battery location was cri t i cal , because battery we i ght had a maj or 
i n f l ue n c e  o n  the veh i c l e  c e n t e r  of grav i ty ( i . e .  s t a b i l i ty �f the 
veh i c l e )  and o n  the s i z i ng of f r a m e c o m pone n t s  and ax l e s .  I t  w a s  
i mportant t o  keep batteries a g  l o w  a s  pos s ible and t o  place not mor� 
th an 6 0  p e r ce n t  o f  the g r o s s  veh i c l e  w e i gh t  o n  e i t h e r  axl e .  L o w e r  
battery he i ght would l ower the center o f  gravi ty pos i t i on ,  whi ch woul d  
resul t i n  a safer veh i cle w ith- better operat i ng characteri sti cs.  Load 
3 7  
d i stribution for the d i e s e l t r a c t o r  p r i o r  t o  m o d i f i c a t i o ns w a s  6 0  
p e r c e n t  a t  t h e  f r o n t  a x l e  a n d  4 0  p e r c e n t  a t  t h e  r e a r  a x l e .  
S u b s ta n t i a l  s h i f t i ng o f  th i s  l o ad w ou l d  r e qu i re r e de s i gned ax l e s , 
whee l s  and trans m i s s ion components .  
The ba t t e ry w a s  l o c a t e d  s o  that : 1 )  i t  c o u l d  b e  i ns u l a t e d  f o r  
ther m a l  management , 2 )  i t  was access ible  for mai ntenance and changi ng 
and 3 )  i t  c o u l d  be r e m oved f o r  r ep l a c e m en t . The o r i gi na l  veh i c l e  
chass i s  caused problems w i th respect to m a inta i n i ng clearance for the 
drive shaft , art i cul ated turni ng,  and the t racti on m otor . 





aul i c  
moto r : 
Batteries : 
Spec i f i cati on 
T h i s  m o t o r  i s  a 3 6  k W h , s e r i e s w ound d e  m o t o r  rated a t  
1 4 9 0  r / m i n f o r  1 hour . The m as s  i s  2 1 5  kg.  The l e ngt h  
i s  . 6 1  m a n d  the d i a m e t e r  i s  . 33 m .  T h e  m o t o r  i s  b l o w e r  
vent i lated . 
Th i s  m o t o r  i s  a 1 7  k W h  s er i e s w o und d e  m ot or rated a t  
2587 r/m i n  f o r  1 hour . Length i s  .43 m and the di ameter 
is . 28 m .  The motor i s  bl ower vent i lated . 
T w o  6 4  vo l t  l ea d - a c i d  bat te r i e s  f o r •  a 1 2 8 vo l t  s y s t e m .  
The i ndividual cel l s  are . 09 m l ong, 0 .56 m w ide , and 0 . 6  
m high. Energy dens i ty i s  24 Wh/kg. Batteries are rated 
at 340 Ah at a 6 hr d i s charge rate. Each battery aass is 
900 kg. Esti aated battery l i fe i s  1500 cycles at an 80% 
d e p t h .  A s ep a r a t e  1 2  V bat t e ry i s  u s e d  f o r  aux i l i a r y  
power . 
Control l er : Two SCR control l ers w i th fai l -safe ci rcuitry and bypas s 
�ontactors operate the tract i on and pto �otors � 
Charger :  The charger i s . o f f-board , s i ngle phase 220 vol t s  and has 
modi f ied constant chargi ng characteri s t i cs . 
EJ-
TRACT I ON 
HOTOit 
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F i gure 2 .  Schemat i c  d i agram showi ng rel at i ve l oca t i ons of components 
Opt i on s  c o n s i d e r e d  f o r  p l a c e m e n t  o f  t h e  bat te r i e s  w e r e  t o : 1 )  p l a c e  
both � odul es a t  the front (Fi gures 3 a  and b ) , 2 )  pl ace both m odu l e s  at 
the rea r  ( F igures 3d and e ) , or  3) r a i se the batteries to acco m m odate 
space �or the dr ive shaft underneath (Fi gures 3c and f ) .  
Motors 
I m portant cons i derati ons in l ocat i ng m otors were the drive shaft 
a ngl e  and l ength , rotat ional s peeds o f  the drive train components and 
m o t o r  w e i gh t .  Angl e o f  t h e  s h a f t  w a s  i m po r t an t  b e c au s e  a va r i a t i o n  
through the s haft j o i nt o f  aore than 5 °  from straight decreases the 
l i fe of t h e  s h a f t .  Th e l oc a t i on o f  t h e  m o t o r s  i n  both v e r t i c a l  a n d  
hori zontal d i rections was res t r i cted according t o  thi s  5 °  angle .  
Opt i on s  f o r  pl a c e m en t  o f  t h e  t r a c t i on m o t o r  w e r e : 1 )  a t  t h e  
fron t .  2 )  at the rear , 3 )  under or over the frame plane and 4 )  a t  the 
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F i gure 3 .  Pos s i b l e  l o cat i ons f o r  the ba t t e r y  
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f r on t  f r a m e , in l i ne w i t h the t r an s f e r  box c e nt e r  l i n e  ( F i gu r e  4 ) .  
O p t i o n s  f o r  p l ace m e n t o f  t he p t a / hyd rau l i c s m o t o r  w e r e : 1 )  a t  t h e  
r e a r  a n d  u n d e r  t h e  c a b  ( F i gu r e  5 a ) . 2 )  a t  t h e  f r o n t  a n d  i n  l i n e  w i th 
t h e  p � o  ge a r  box ( F i gu r e  5 b )  a n d  3 )  a t  the r ea r  a n d  unde r t h e  ax l e  
( F igure 5c ) .  
Cab 
F a c t o r s  cons i de re d  i n  l o c a t i ng t h e  cab w e r e : 1 )  h e i gh t  o f  c a b  
f l o o r  fr o m  t h e  gr o u n d , 2 )  a c c e s s i b i l i t y f o r  e n t e r i ng t h e  c a b , 3 )  
v i s i b i l i ty o f  t h e  d r a w b a r  f r o m  t h e  c a p  attd 4 )  p r o p e r  w e i gh t  
d i s t r i bu t i o n .  Cab l o c a t i o n o p t i o n s  w e r e : 1 )  a t  t h e  f r o n t ( F i gu r e  
� 
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F i gure 4 .  Poss i ble l ocat i ons for tracti on motor 
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6 a ) , 2 )  a t  t he m i d d l e  a n d  a b o v e t he a r t i c u l a t i o n ( F i gu r e  6 b )  a n d  3 ) 
a t  t h e  r e a r  ( F i g u r e  6 c ) .  
C ontro l lers 
C on t r o l l e r s  are s m a l l  ( l e s s  than 0 . 2  kN and 0 . 0 1 5  m 3 ) and t h e  
p l a c e m e nt o f  c o n t r o l l e r s  o n  t h e  v e h i c l e  w a s  n o t  r e s t r i c t e d  b y  
cons i derati ons such a s  drive l i ne a l i gnment. Consequentl y ,  there were 
m an y  o p t i o n s  i n  l o c a t i ng t h e  c o n t r o l l e r  c o m p o ne n t s .  S p l i t t i ng t h e  
contro l l ers wou l d  al l ow l oca t i ng a t  di f ferent p l aces s uch a s  ins i de 
the c ab. However , for better access ibi l ity,  eas ier aai ntenance and 
adj u stments dur ing the prot o type testing , the contro l l ers were groupe d 
c:::::T.� . _, · == 
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F igure .5 . Pos s i b l e  l ocat i ons for the pta/steeri ng/hydraul i cs motor 
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i n  o n e  l ocati on. Cons i derat i ons i n  l ocati ng contro l l ers were : ease . of 
m a i ntenance , ease of addi ng ins trumentat ion for tes ting ,  and d i s tance 
from the instrument panel in the cab . 
O p t i o n s  f o r  p l a c e m e n t  o f  t h e  c o n t r o l l e r pane l w e r e : 1 )  beh i nd 
t h e  b a t t e r y  p a c k  a n d  o v e r  t h e  t r a c t i o n  m o t o r  ( F i gu r e  7 a ) , 2 )  b e h i n d  
t h e  b at t e-r y p a c k  o n  a p an e l  e x t e n d i ng a l o n g  t h e  s i de s  o f  t h e  b a t t e ry 
pane l s  ( ft' i gu r e  7 b ) , 3 )  a t  b o t h  s i d e s  o f  the b a t t e r i e s a nd n o t  
extendi ng back ( F i gure 7 c )  and 4 )  a l ong the s i de o f  the tract ion m otor 
w h e r e  the pane l s  w e r e to b e  m o ve d  t o w a rd t h e c e n t e r  o f  the f r a m e  
( F i gu r e  7 d ) .  
Figure 6 .  Pos sible cab l ocat i ons 
I I ,!:I =:::::;-�1 · 
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F i gure 7 .  Poss i b l e  contro l l e r  pane l l ocat i ons 
V e h i c l e  Configurat i on A l terna t i ves 
F i ve d i f fe rent a l t e r nat i ves were devel oped whi ch were coa pat i b l e  
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w i th the exi s t i ng veh i c l e  ch�s s i s .  Thes e  i nvo lved d i fferent re l at i ve 
pos i t i o ni ng o f  the cab , batter i es and l oader.  
A l terna t i ve . 1 
The pto mo tor i s  l o cated under the rear frame and under the rear 
axl e  and t he batter i es , drawbar , 3 -po i nt h i tch and t he pto are at the 
rear of the veh i c l e  in alternative 1 ( F i gure Sa) . The t rans f er box i ·s 
r o t a t e d  9 0 ° f r o m  a h o r i z o n t a l  t o  a ve r t i c a l  p o s i t i o n .  T h e  tra c t i on 
motor . the cab · and the l oade r  are at the front o f  the . vehi c l e . 
C e n t e r  o f  g r av i t y  · i s  r a i s e d  co m pa r e d  t o  t h e  o r i g i n a l  d i e s e l  
ve r s i o n  b e c a u s e  t h e  b a t t e r i e s  a r e  r a i s � d  a b o v e  t h e  o r i g i na l  m o t o r  
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f ram e l eve l .  Batte ry we ight i s  centered on the axl e.  Locati ng the pto 
• otor under the ax le l owers c learance o f  the vehicle.  Rotat ion o f  the 
t r a n s f e r  box i nv o l ve s  s u bs tant i a l  f a b r i c a t i on w ork and s h i f t i ng o f  
s te e r i ng cyl i nders . The tract ion motor shaft i s  hor izontal whi ch i s  
d e s i r ab l e  f o r  a l o ng s h a f t  l i f e .  P o w e r - t ak e - o f f  operat i on i s  s a f e r  
because i t  is  not o n  the loader end , which m eans that there i s  not the 
p o s s i b i l i ty of t he o p e r a t o r  r a i s i ng t h e  l oa d e r  i n  order to u s e  t h e  
powe r-take-off.  Extens ive frame work i s  needed for loader mount i ng at 
t h e  f r on t  and d r a w bar v i s i b i l i ty i s  p o o r e r  t han on the o r i g i na l 
tractor . 
Al ternative 2 
The batteri e s , the 3-point hi tch and the drawbar are on the rear 
a x l e  i n  t h i s  a l t e r na t i ve ( F i gure 8 b ) .  The cab , both a o tor s ,  and t h e  
l oader a r e  o n  the front ax l e .  
E x t en s i ve f abr i cat i o n  i s  n e e de d  f o r  m ou n t i ng t h e  l o ader a t  t h e  
front though power-take-off operat i on i s  safer because the pto and 
l oader are at oppos i te ends. The veh i c l e  weight is wel l  di stri buted 
b e t w e e n  ax l e s  b e c a u s e  the b a t t e r i e s  a r e  at o p po s i t e ends of the c ab 
a n a  1 o a de r .  The p t o  m o t o r  h a s  goo d  a l i gn m e n t  w i th the p t o  gear box 
and the shaft l ength is shorter.  The traction motor shaft i s  i nc l i ned 
1 2 •  to 1 5 °  re lat i ve to the hori zontal plane , . whi ch is undesirable for 
l ong shaft l i fe.  Cab acces s i b i l i ty is more d i f f i cult because the cab 
is r a i sed. Vi s i b i l i ty is excel lent for l oader work , but the drawbar 
vis i b i l i ty "i s poor.  Battery weight is not centered on the front axle.  
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Vent i l at i on bf both m otors is pos s i bl e  w i th one blower , because bdth 
motors are located close to each other.  The battery and the · tract i on 
m o t o r s  a r e  r e a d i l y  a c c e s s i b l e  b u t  t h e  pto m o t o r  has l i m i t e d  
acce s s i b i l i ty . 
A l ternati ve 3 · 
Thi s  al ternat ive ( F i gure 8 c )  i s  s i m i l ar to al ternative 2 ,  except 
t h a t  the r e a r  f r a m e  i s  e x t e nd e d  t o  s u c h  a l e ngth t hat the b a t te r i e s 
are centered on the rear axl e .  Drawbar vi s ibi l i ty i s  better than w i th 
A l t e r na t i ve 2 and t h e  c e n t e r  o f  gravi t y  i s_ l o w e r  b e c au s e  t he 
b a t t e r i e s  a r e  l o w e r .  
l engthened . 
Al ternative 4 
T h e  d i s advant age i s  that the veh i c l e  i s  
T h e  b a t t e r i e s  a n d  b o t h  m o t o r s  a r e  a t  t h e  f r o n t  i n  t h i s  
a l t e rn a t i ve ( F i gure 8 d ) ,  w h i l e  the cab , t h e  l oade r , the pto a n d  t h e  
d r a w b a r  a r e  at t h e  r e a r  o f  t h e  v eh i c l e .  The d r i ve s ha f t  i s · i n c l i ne d  
1 2 °  t o  1 5 °  r e l a t i ve t o  a ho r i z o n t a l  p l ane . The pto s h a f t  i s  
hori zontal and al i gned w i th the pto gear box , but the pto dri ve shaft 
i s  l o nger than that for a l ternat ive 1 .  Battery we ight is not centered 
o n  t h e  f r o n t  ax l e .  B a t t e r i e s  a r e  r a i s e d  r e l a t i v e t o  o t h e r  
a l te rn a t i ve s  to a c c o m m o da t e  t h e  p t o  d r i ve shaft underne a t h .  A s  i n  
Al ternati ve 2 ,  one blower venti l ates both m otors . The pto and l oader 
a r e  o n  t h e  s a m e  s i de ,  w h i c h  m ak e s  p t o  o pe r at i o n l e s s  s a fe t han t h e  
o t h e r  a l t e r na t i ve s .  O t h e·r · a dvantages i n c l ud e  exce l l ent l oa d e r  
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v i s i b i l i ty ,  better cab acces s i b i l i ty ,  and good access ibi l i ty t o  both 
m otors and batteri es for m ai ntenance.  I n  addi t i on ,  fewer m od i f i cati ons 
of the frame are needed as co mpared to the other al ternat ives.  
A l ternat i ve 5 
T h e t r ans f e r  b o x  i s  r o t a t e d  9 0 ° and the pto m o tor i s  unde r t h e  
c a b  a t  t h e  rear i n  a l t e r na t i v e 5 ( F i gure B e ) .  The ba t t e r i e s  a n d  
t r a c t i o n  m o t o r  a r e  a t  t J:le f r o n t  o f  t h e  v eh i c l e  and t h e  l o ad e r  i s  a t  
the rear. Cab entrance and exi t  are more d i fficult becaus e  the cab 
i s  r a i s e d  to a c co m m o d a t e  the p t o  m o t o r .  Ac c e � s  f o r  m a i n t e n an c e  i s  
l i m i ted for the pto m otor , though the pto dr ive shaft is  al i gned w i th 
t h e  p t o  gear box and t h e  s ha f t  l ength i s  s horter than f o r  o t h e r  
a l ternat i ves . Rotat ion o f  the t rans fer box i nvolves fabr i cati on work 
a n d  s h i f t i ng o f  the s t e e r i ng c y l i n de r s .  The bat t e ry i s  r a i s e d  o n l y  
s l i gh t l y  t o  a l l o w  s pa c e  f o r  the t r ac t i on m o tor and the h o r i z o n t a l  
drive s haft.  Two separate blowers venti late the two motors , unl i ke 
other a l ternatives.  V i s i b i l i ty o f  both the l oader and the drawbar i s  
t h e  b e s t  f o r  t h i s  a l t e r n a t i ve .  L oad d i s t r i but i on i s  exc e l l en t  a n d  
battery weight i s  centered on t h e  front axle.  Locating the l oader and 
t he pto on opposite s i des a l l ow s  safer operati on of both . 
Des ign S e l ected 
A l t e r n a t i v e 5 w a s  s e l e c t e d  b e c a u s e  c o m p a r e d  t o  o t h e r  
a l t e r n a t i v e s : 1 )  i t  w a s  s a f e s t  f o r  t h e  o p e r a t o r , 2 )  f e w e r  
m o d i f i c a t i on s  o f  t h e  f r a • e  w e r e  needed , 3 )  the bat te r i e s  c o u l d  b e  
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c e n t e r e d  o n  the f ro n t  a x l e ,  4 )  the tra c t i on m o t o r  d r i ve s h a f t  w a s  
h o r i z o n t a l  a n d  ang l ed l e s s  t h a n  f i ve degrees w h i ch i s  c o n du c i v e  t o  
l ong s h a f t  l i fe , 5 )  t h e  t ra c t i o n a o t o r  c o u l d  b e  l o c a t e d  be h i n d t h e  
b a t te r i e s  w i thout ex t e n d i ng t h e  f r o n t  fram e and 6 )  enough s p a c e  w a s  
ava i l ab l e  f o r  p l a c i ng t h e  S CR cont ro l pane l beh i nd t h e  b a t t e r i e s .  
D i sadvantages of Al ternati ve 5 were that rai s i ng the batteri es raised 
the center of gravity ,  resul t i ng i n  l ess stabi l i ty than des i re d ,  and 
l o cat i ng the p t o  m o t o r  u n d e r n e at h  the cab ra i s e d  the cab h e i gh t , 
m ak i ng cab entrance and ex i t  m ore d i f f i cult.  These disadvantages were 
dee•ed acceptable for the test vehi cle.  
The hydraul ic pum p  was l ocated paral l e l  to the pto motor and was 
driven by a flexibl e  be l t .  A universal j oi nt connected the pto w i th 
t h e  p t o  ge ar box ( F i gu r e  9 ) .  The c o nne c t i ng p o i nt s  f o r  the t w o  
steering ram s  were M oved further from the vehicle center s o  that the 
t r ans f e r  box c o u l d  be r o t a t e d  90 degr e e s . The t r an s f e r  box w a s  
rotate d  t o  a l l ow a hori zontal drive shaft between the tracti on m otor 
a nd ge a r  'Qox , an i m p o r t a n t  i m prove m ent over the dr i ve s h a f t  a ng l e  
w h i ch w ou ld have r e s u l t e d  h a d  the tran s fer box n o t  b e e n  r o t a t e d  9 0  
degrees (F i gure 1 0 ) .  
L ocation of Contro l s  and Di spl ays 
The types and locat i ons of vehicle controls and di splays affect 
the operati on of the veh i c l e .  Operator efficiency and effectivenes s , 
a s  w e l l  as operator c o m f o r t  and s af e ty are a l l a f f e c t e d by t he 
contro l and di splay des i gns . 
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F i gure 8 .  Vehi c l e  conf i gurat i on al ternat ive s 
r------------�r HYDRAULIC PUMP 
PTO/HYDRAULIC lfOTOR 
HYDRAULIC PUMP SPROCKET 
F i gure 9 .  The pto mo tor arrangement 
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TRANSFER BOX SHAfT 
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+ 
F i gure 10 . Drive shaft angl e wi thout a 90 ° rotati on o f  the 
transfer box 
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Types o f  Control s  and Di splays 
The e l e c t r i c t r a c t o r  h a s  t h e  f o l l o w i ng contro l s :  1 )  a h a n d  
ope r a t e d  b r ake c o n t r o l ,  2 )  t w o  f o o t  o p e r a t e d  l o ader cont r o l s , 3 )  a 
hand o p e r a t e d  t r a c t i on m o t o r  s pe e d  c o n t r o l , 4 )  a hand ope r a t e d  
p t o / h yd r a u l i c  m o t o r  s p e e d  c o n t ro l , 5 )  a hand operated t r a ns l\ i s s i o n  
contr o l , 6 )  a revers i ng s w i tch , 7 )  a key s w i tch and 8 )  a bypass s w i tch 
for the tract ion SCR contro l l e r .  Displays i nclude : 1 )  a tachometer , 
2 )  a vo l t m e t e r , 3 )  t w o  a m m e t e r s , 4 )  a s t a t e  o f  charge m e t e r , 5 )  a 
w att-hour meter and 6 )  a bypas s i nd i cator.  
Two m ot o r - s pe e d  c o n t r o l s , a bypa s s s w i t ch and the reve r s i ng 
swi tch were uni que t.o the electr i c  tractor and were instal led i n  o rder 
to r e p l a c e  the t h r o t t l e , t h e  p t o  c on t r o l  l ever , and t h e  veh i c l e  
direct i on contro l lever .  Al l other contro l s  .were in the same l ocat ion 
as in t h e  o r i gi na l  c a b .  T h e  e l e c t r i c t r a c t o r  r e qu i r e d  n e w  d i s p l ay s  
except for the tachom eter (Tab l e  7 ) .  
Locati ons o f  Control s  
Control s were l ocated by exam ining the funct i onal characteri s t i cs 
of the contro l s ,  the types of contro l s ,  the estab l i shed standards for 
l o c a t i ng th e s e  type s of c o n t r o l s ,  o p e r a t o r  reach t o  c o n t r o l s ,  
a c ce s s i b i l i ty f o r  m a i n t enan c e , the s i z e o f  contro l s ,  and the v i s u a l  
angles from the operator ' s  l ine o f  s ight .  · Control s  were located t o  
faci l i tate operator e f f i c i ency , therefore m ak i ng use o f  both foot and 
both h an d s  ( Tab l e  8 ,  F i gu r e  1 1 ) .  
T h e  s e·a t  f o r  t h e  t r a c t o r  c o u l d be r o t a t e d  1 8 0 °  s o  the ope r a t o r 
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Tabl e  7 .  Contro ls and d i splays spec i f i cat i ons 
Control s  and displays 
State of charge meter : 
T achoaeter : 
Bypass indicator : 
Speed contro l ler : 
Vol tae ter : 
Ammeter : 
Watt -hr aeter : 
Speci f i cati ons 
Analog LED d i s pl ay with memory Flashing l ight 
a l ar m  at 70% DoD and d o ub l e  f l as h i ng e m p t y  
al arm . at 80% DoD . 
Range s 0 t o  3 ,  0 0 0  rpa , and 0 t o  30 ka / h .  9 
em d i ameter . 
Amber color . 1 . 3 em X 1 . 3 em 
1 5  em X 1 3  em X 7 . 0  em 
Range 0 to 1 50 vol ts . 9 . 5  em by 7 . 0  ca 
Two m eters , Range 0 to 500 amperes and 0 t o  
1 , 000 amperes . S i ze 9 . 5  ca by 9 . 5  ca . 
D i g� ta l  kW.h read i ng and s i ze i s  20 ca X 1 7  
em X 7 ell 
c ou l d  f a c e  e i t h e r  the l o a d e r  o r  the b a t t e r i e s .  Hand o p e r a t e d  • o t o r  
speed control s  were a long s i de the operator at waist level and ahead 
of the opera t o r ' s  t o r s o  w h i l e s e a t e d .  T h e  d i r e c t i o n s  o f  a o t i on s  o f  
these hand controls were i n · pl anes paral l el t o  the l ongi tudinal axi s 
o f  t h e  prope l l i ng veh i c l e .  Fo l l o w i ng t h e  rec o a m ended p r a c t i c e s  o f  
ASAE ( 1984 ) , the control l ers were instal l ed so that forward aot i ons 
o f  t h e  l eve r s  wo u l d  i n c r e a s e  t he t r ac t i o n o r  p t o  s pe e d  and reve r s e  
mot i on would slow the a otor s .  The •otor control l evers were des i gned 
to ensure clearance for grasping. Lever he ight and dis tance froll th.e 
o pe r a t o r  t o  the l ever w e r e  cho s e n  s o  that the o p e r a t o r  c ou l d 
c onvenient ly and effect ive l y  contro l  each l ever .  
T r a c t i on m o t o r  s pe e d  c on t r o l  w a s  p l a c e d  o n  the cab w a l l a t  t h e  
r i gh t  s i �e o f  the ope r at o r , and t h e  p t o , s t e e r i ng and hyd r a u l i c  
Tab l e  8 .  Types of control s  and funct i ona l characteri sti cs 
Contro l Function 
Traction aotor speed Continuous 
Pto/hydraul i c  motor speed Continuous 
Transmiss ion D i screte 
Loader l i ft Conti nuous 
Loader bucket t i l t Conti nuous 
Foot operated brake Cont inuous 
Parking brake D i screte 
Tachometer swi tch Di screte 
Bypass swi tch D i screte 
Revers i ng swi tch Continuous 












syste m s  are control l ed by one l ever on the left s i de of the operator , 
as the operator faces the loader.  A m ini mum motor spe·ed i s  set o n  the 
p t o /h y d r a u l i c  l e v e r  c o n t r o l  s o  t h a t  s u f f i c i en t  hydrau l i c  e n e r gy i s  
a l ways avai lable for steeri ng purposes . 
The t a ch o m e t e r  s w i t ch w a s  p l a c e d  b e s i de the t a c ho m e t e r .  T h i s  
togg l e  s w itch al lows the operator to read the_ speed of each a otor by 
p o s i t i on i ng the s w i t c h  a p p r o p r i at e l y .  The S CR bypa s s  s w i t c h  w a s  
l o cated i n  front o f  the operator and bes i de the bypass indi cator . 
Locati on of Displays 
D i s p l ay s  were l o c at e d  b y  c o n s i de r i ng the expected frequency o f  
v i e w i ng ,  the s i z e o f  d i s p l ay s , t h e  v i s u a l  angl e s  and t h e  v i s u a l  


















F i gure 1 1 . Control l ocat i ons in the El ectr i c  Choremaster 
The s t a te o f  c ha r ge m e t e r  i s  l i k e  the fue l gauge . 
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S i ng l e  
f l a s h i ng and doubl e f l as h i ng a t  7 0  p e r c en t  and 8 0  p e r c e n t  d e p t h  o f  
d i s c ha r ge , r e s pe c t i ve l y ,  i n f o r m  t h e  o pe rato r abo u t  the ba t t e ry 
c on d i t i o n i n  o r de r  t o  avo i d  o v e r - d i s c hargi ng.  T h i s  i s  the m o s t  
i m po rt a n t  d i s p l ay i n  a ba t t e ry - po w e re d  t ra c t o r  ( Tab l e  9 ) .  I t  w a s  
m o un t e d  o n  t h e  l e f t  s i de o f  t h e  t a c ho m e t e r  and d i r e ct l y  i n  f r o n t  o f  
t he ope r a t o r .  
The t a c h o m e t e r  r e a a i ne d  i n  t h e  o r i g i nal l o c a t i on b e c a u s e  t h i s  
l o c a t i o n  was exce l l e n t  f o r  o p e r a t o r  v i e w i n g .  D u r i n g t r a c t o r  
o pe r at i o n s  · t h e  ope r a t o r  n e e d s  t o  s e e  t h e  s peed o f  the p t a / h y d r au l i c  
motor to know that motor speed i s  as des i red for s teer i ng purposes . 
The vo l t m eter . a• meter . and bypass i nd i cator were located on the 
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T ab l e  9 .  Re lative importance o f  di fferent displays based on expected 
frequency of viewing 
Importance o f  
Vi ewi ng* 
1 .  
2 .  
3 .  
4 .  
5 .  
6 .  
D i sp l ays 
State of charge meter 
Tachometer 
Bypass i ndi cator 
Vo l tmeter 
Ammeter 
Watt-hr meter 
* I n  descend i ng order 
i ns t ru m e n t  pane l unde r the s t e e r i ng c o l u m n  and i n  f r o n t  of t h e  
operator. These displays d o  not require frequent view i ng,  but i t  i s  
i aportant that the operator b e  able t o  v i ew them when t he veh i c l e  i s  
• oving . 
The watt-hr meter was i ns tal l ed above the operator ' s  he�d at the 
ce i l i ng, · pr i mar i l y because it was too large to place on the steer i ng 
col u•n.  However , the operator need not read the watt-hr aeter duri ng 
the t ractor operat ion s i nce i t  would typ i ca l l y  be used to record total 
energy required for a t ask or total energy used over the veh i c l e  l i fe .  
T h i s i s  m o re a r e s e a r c h  t o o l t han a ne c e s s ary d i s p l ay f o r  a f a r m · 
operator . 
RESULTS AND D I SC USS I ON 
A bat tery-powered e lectri c chore tractor prototype was des igned 
a n d  bu i l t  as de s c r i b e d  i n  t h e  de s i gn s e c t i o n .  Th i s  author ' s  
respons ibi l i ty was to opt i m i ze the configurat ion o f  the vehi c l e  from a 
human factors perspective w i th i n  the constrai nts of sel ected compo­
ne n t s , t i m e ,  a nd m oney.  The d e s i gn was eva l ua t e d  based o n  t ra c t o r  
o p e r a t o r  s urveys , t i m e and m o t i on s tu d i e s , s ub j e c t i ve as s e s s m en t s , 
sound l eve l aeasure ments and weight m easurements . Cab access ibi l i ty ,  
c o n t r o l  t ype s a n d  t he i r  l o c a t i o n s  a n d  d i s p l ay type s a n d  th e i r 
l ocations were part i cular l y  emphas i zed in the de s i gn eva l uat ion.  
T ractor Operator Survey
� 
T r a c t o r  ope r a t o r  s urveys w e r e  con du c t e d  t o  d e te r m i ne :  1 )  t h e  
i mportance of cab access i bi l i ty f o r  a chore tractor , 2 )  the frequency 
o f  m ount i ng i n t o  and d i s m ou n t i ng f r o m  t h e  cab dur i ng t h e  chore 
o p e r a t i o n s  of  o n e d a y , 3. ) t h e  a c c i d e n t s  r e l a t e d  to t h e  c a b  
a c c e s s i� i l i ty and 4 )  t h e  p l a c e s  o f  o c c u r r e n c e  o f  t h e s e  a c c i d en t s .  
S u rvey for � s  ( F i gu r e  1 2 )  w e r e  d i s t r i bu t e d  a a o ng f a r a e r s  i n  e a s t e r n  
South Dakota. Some o f  these for m s  were co•pleted by operators duri ng 
the two-day Agr i cu l tural Engineer i ng Expos i t ion at SDSU i n  Septeaber 
1 984 . 
E i ghty farmers responded to the survey w i th completely f i l led-out 
f o r a s .  M o s t  ( 8 9% ) o f  t h e s e  f a r m e r s  had l i ve s t o c k  o p e r a t i o ns w i th 
e x te n s i ve chore t a s k s  ( Ta b l.e 1 0 ) ,  and m o s t  ( ov e r  60% ) u s e d  t ract o r s 
i n  the range of 40 to 80 kW for chore-type tasks (Table 1 1 ) .  
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Survey resu lts showed that on a typi cal farm , an operator gets on 
and off the tractor more than 10 t i mes per day (Table 1 2 ) .  Moreover , 
as farm s i ze i ncrease s , the operators tend to mount and dismount the 
cab a o r e · f re q u e n t l y  in a day ' s  c h o r e  r o u t i n e .  T h i s  f a c t  s ugge s t e d  
that special  attent i on should b e  focused o n  cab access i bi l i ty for easy 
m o u n t i n g a n d  d i s m o u n t i n g .  T h e  s u r v e y a l s o s h o w e d  t h a t  c a b  
a c c e s s i b i l i ty w a s  a m a j o r c o n c e r n  t o  4 6  p e r c e nt w hen buy i ng a n e w  
chore t ractor and m oderate ly i mportant to a n  add i t i onal 3 4  percent o f  
the farmers (Tabl e 1 3 ) . 
I n j ur i e s  o c c u rr i ng w h i l e  m o unt i ng or dism ounting during chore 
operati ons were most frequent ly reported , as two or three ti mes per 
y e a r  ( T ab l e  1 4 ) .  B u m p s  a c c o u n t e d  f o r  6 1 %  o f  the a c c i d ent s and t h e  
m o s t  f r e quent l y  i nj ured body par t s  w e r e  knees , heads , a n d  ank l e s  
(Table 1 5 ) .  Most o f  these acci dents occurred . whi l e  the operator was 
on the s t e p s  ( Tab l e  1 4 ) .  The r e f o r e , t h e  d e s i gn and t he l o cat i on o f  
s teps for cab acce s s i bi l i ty are cri t i cal . 
T ime and Mot i on Study 
T i m e  and m o t i on s t ud i e s  w e r e  p e r f o r m e d t o  d e t e r m i ne the t i m e  
required for mount i ng into and d i s mount i ng from the cab and the fac­
t ors that infl uenced the mounti ng and d i s m ount i ng. Five mal e sub� 
j ects were sel ected for the t i me and m o t i on s tudy re lated to the cab 
a c c e s s i b i l i ty �  F ou r  o f  t h e m  h ave f a r m  ba ckgr ounds , _ dr i ve t r a c t o r s  
e x t ens i ve l y ,  a n d  do c h o r e � t ype t a s k s  o n  t he i r  f a m i l y far m s . One 
s ub j e c t  d i d  not h ave a farm b a ckgr ound and h a d  no t r a c t o r  d r i v i n g  
. .  . . .  "---· 
SOUTH DAKOTA STATE UNIVEMITY 
loll 2120 lltooeUnta. so 57007·1-
QUESTIONNAIRE FOR SUBJECTIVE ASSESSMENT 
Th f s  que-st i onna i re is to hel p detenni ne appropri a te des i gn o f  t ractor ca bs for 
con ven i ence an d ease of use . 
Operato r ' s  n ue (o pt i ona l ) ________ O perator ' s  he1 ght:_·_tt . _i nch 
Type .D f fa r�� ; tag ____ beef ____ da i ry other __ _ 
S i z e  o f  fa n� :  acres 
Chore Tractor : 11ake nadel h�---
1 .  How •any t imes dur i n g  chores do you get on and get off tha tractor i n  one 
days o perat ion ? 
up to 10  10 t o  20 20 to 30 30 t o  40 
2.  To w ha t  ext en t  do yo u cons i der cab a cces s i b i l ity a n d  qual ity when sel ect i n g  
a CHORE tracto r? 
---- Ca b  acces s i bi l ity and conven i ence a re maj or co ncern s when· buyi n g  a 
chore tracto r .  
Ca b acces s i bi l i ty and conve n i en ce a re mode ra te l y important when ----
sel ect i n g  a chore tra cto r .  
---- Ca b  l ocat i on a n d  conven i ence a re not impo rtant when sel ect i n g  a 
c ho re tracto r .  
3 .  What ma ke s  a n  i dea l ca b  and ca b  l ocation fo r  you ? 
4 .  How o ft en  do you have minor { o r  .. j o r ) a cc i dents a s so ci ated w i t h  enter i n g  or 
l ea v i n g  t he ca b ?  
No .  o f  times /yr 
1. ___ _ 
2 to 3 __ _ 
4 to 5  __ _ 
Types of acci dent 
bu.p __ _ 
twi st __ _ 
sprain_· __ 
fra ct ure __ 
other ( spec i fy )  ___ _ 
Pa rt s of bo dy 
an kl e __ _ 
knee_....._ __ 
hand ___ _ 
foo t ___ _ 
head ___ _ 
other( spec i fy ) ----
Pl ace of o ccurrence : door ___ step ___ other ( s pec i fy )  ___ _ 
Ret u rn  to : Les l i e  L .  Chri sti anson . As so c .  Prof .  
Agricul t ura l Engi n eeri n g  Department 
So ut h  Dakota S tate Un i vers i ty 
Brooki n gs .  So uth Da kota 5 77007 
F i gure 1 2 . Tractor operator survey form 
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experi ence . Al l o f  them were between 3 0  and 3 0  years old ana were 
c o l l e g e  g r a du a t e s  e n r o l l e d· i n  a M a s t e r s  o f  S c i e n c e  i n  Agr i c u l t u r a l  
Engineeri ng degree program . Subj e cts ' he i ghts and the i r  correspondi n g  
Tab l e  1 0 . Types o f  farming by the 80 surveyed farmers in percent 





Sheep & Horses 
Grain onl y :  
89 







T ab l e  1 1 .  S i z e o f  t h e  t ra c t o r  u s e d  f o r  c h o r e - t ype task s by t h e  8 0  
surveyed f�rms i n  percent* 
Trac tor s i ze 
( kW )  
less than 4 0  
4 0  t o  80 
80 and aore 
Smal l 
up to 200 
33 . 3  
57 . 1  
9 . 5  
Farm s i ze ( hectares ) 
Med ium 
200 to 400 
2 7 . 2 . 
68 . 2  
4 . 5  
Large 
400 or more 
24 
64 
1 2  
*Far•ers responding were 2 2  i n  the s m al l , 2 4  i n  the •edium a 2 6  i n  the 
large s i zes farms . E i ght farmers d i d  not i nd i cate the s i ze of farm . 
percent i le rank i ngs , relative to the 80 farm operators surveyed , were 
between the shortest 2 . 5% and the tal l es t  70% ( Tabl e  1 6 ) . 
S i x t r a c t o r s , r a ng i ng f r o m  6 2  t o  8 3  k W  r a t e d  p o w e r  a t  the p .t o .  
and s e t t i ng a t  l o c a l  i m p l e m e n t  d e a l e r l o t s  w e r e  u s e d  f o r  t he s t ud y . 
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T ab l e  1 2 .  Frequency o f  ge tting o n  and getting off the tractor i n  one 
day ' s  chore operat i ons i n  percent* 
No of t imes Farm s i ze ( hectares ) 
entered cab Smal l Medi um Large 
up to 200 200 to 400 400 or more 
up to 10 62 33 . 3  38 . 5  
1 0  to 20 38 66 . 7  42 . 3  
2 0  t o  30 0 0 19 . 2  
*Based on survey response s  from 8 0  farmers 
T ab l e 1 3 .  I m p o r tance of cab a c ce s s i b i l i ty in s e l e c t i ng a c h o r e  
trac tor* 
I mportance l evel 
1 .  Maj or concern 
2 .  Moderate ly important 
3 .  Not important 
4 .  No cab 
Response ( percent ) 
45 . 6  
34 . 2  
2 . 5  
1 7 . 7  
*Based on survey responses f rom 80 farmers 
F i ve t r a c t o r s  were 1 98 1  a n.d 1 9 8 2  m o de l s  and one t ra c t o r  was a 1 9 7 9  
mode l . Al l . were produced by maj or agr i cul tural tractor manufacturers . 
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Table 1 4 . Frequency of and locat i on on the tractor of farm acci dent s 
re l ated to cab acces s i bi l i ty i n  percent* 
Number of occurrences 
( per farmer per year ) 
1 24 . 6  
2 to 3 4 6 . 2  
4 to 5 29 . 2  
*Based on survey responses 
* * I ncludes : Steering whee l , 
hand l e s  and cab 
Pl ace of occurrence 
Step 66 . 3  
Door 30 . 0  
Other** . 3 . 7  
from 80 farmers 
contro l s , f loor , door 
cei l i ng .  
Table 1 5 .  Types of accidents and body part injured whi l e  enteri ng and 
exi t ing tractor cabs * 
Types of acci dent 
( percent ) 
Bump 60 . 9  
Twi s t  20 . 7  
Sprain 1 3 . 8  
Fracture 0 
O ther* *  4 . 6  
Parts of the body 
( percent ) 
Ankle 20 . 3  
Knee 3 7 . 5  
Hand 3 . 1  
Foot 9 . 4  
Head 2 1 · . 9 
. Other*** 7 . 8  
*Based on survey responses from 80 farmers 
* * I nc l udes : s l i ps , s cratches , and brui ses 
* * * I ncludes : · shoul ders , back , arms , thighs , and shins 
Table 1 6 . Subj ect he i ghts and percent i l e  rank 
Subject He ight ( m )  
1 1 . 83 
2 1 . 70 
3 1 . 83 
4 1 . 78 
5 1 . 65 
Percent i l e  rank* 
70 . 00 
8 . 75 
70 . 00 
35 . 00 
2 . 50 
*These are compared to the he ights of the 80 farmers sur­
veyed ( previous section ) 
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The t i me and mot i on studi e s  were conducted between 1 0  a. m .  and 1 2  
n o o n , i n  t w o  days a t _ t he p r e m i s e s  o f  t he i m p l e m en t  d e a l er s  i n  
Brooki ngs , South Dakota. Tem peratures ranged from 1 8 °  to 2 0 ° C , ground 
condit i ons were dry and a l l t he subj ects were weari ng normal f arm work 
c l o th i ng .  S ub j e c t s  e n t e r e d  a n d  ex i te d  e ach tr ac t o r  c ab f i ve t i m e s . 
W h i l e  a o unt i ng ,  t he s ub j e c t s  o pe n e d  t he cab door , got i n t-o t he c ab , 
and c losed the door to comp l ete the cab mounting. The subj ects opened 
t he c ab d o Q r  f r o m  w i th i n  t h e  c a b , go t down f r o m  t h e  cab , a n d  c l o s e d  
t he d o o r , t o  c o m p l e t e  t h e  d i s JD ount i ng.  T i m e s  b e t w e e n  ope n i ng and 
c l o s i ng t h e  cab door were r e c o r de d  as t he t i m e s  for m o un t i ng and 
d i s mount i ng, respective l y .  
Data were analyzed to determ i ne for each tractor t h e  m axi mum t i m e  
a nd m i n i m u m  t i m e r e qu i r e d  f o r  c a b  e n t ry a n d  ex i t  f r o M  t h e  cab.  
Average t i m es were computeQ for each tractor ( Tabl e 1 7 ) . Average cab 
entry t i a e  · was m ini m um for t ractor 1 �t 5.6 sec , and m axi mum for 
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Tab l e  1 7 . M ax i m u m , m i n i m u m , a n d  ave rage t i m e r e qu i r e d  f o r  c a b  
mount i ng and d i smount ing for s ix tractors 
Time ( seconds ) 
T ractors Mount ing Di smount ing 
Max Min Avg Max Min .Avg 
1 6 . 0  5 . 4 5 . 6  5 . 4  4 . 7  5 . 0  
2 7 . 9  5 . 3  6 . 2  6 . 4  4 . 9 5 . 4  
3 8 . 0  5 . 0  6 . 0  6 . 1  5 . 6  5 . 9  
4 8 . 0  5 . 9  7 . 0  7 . 2  5 . 3  6 . 0  
5 7 . 0  6 . 0  6 . 4  6 . 3  5 . 1  5 . 5  
6 6 . 7  5 . 3  5 . 7  6 . 3  4 . 5  5 . 1  
tractor 4 a t  7 s e c .  E_n t r y  t i m e s  var i e d  b e t w e e n  5 . 0  and 8 . 0  s e c .  
Average exi t  t i m e  was m in i mum for tractor 1 a t  5 . 0  sec and m aximum 
for tractor 4 at 6 sec.  Exi t  t i mes ranged from 4 .5  to 7 . 1  sec ( Table 
1 7 ) . 
I t  was observed that whi l e  m ounti ng one subj ect always used the 
r i gh t  f o o t  f i r s t  and ano t h e r  the l e f t  f o o t  f i r s t .  T h i s  w a s  t r ue no 
matter how . the cab doors were h
i nged. The other three did not fol l ow 
any p a t t e r n  ( Tab l e  1 8 )  and a p p e a r e d  t o  choo s e  the i r  f i r s t  s t ep ba s e d  
o n  t he i r  p o s i t i on r e l at i v e  t o  t h e  t ra c t o r .  S t a t i s t i c a l  ana l y s i s  o f  
t he e n t r y  t i m e s  a s  a f f e c t e d  b y  the c a b  d i a e ns i o n s  ( Append i x  C )  and 
o p e r a t o r  f o o t  u s e d  f i r s t  d i d  not exp l a i n  t he d i f f e r en c e s  i n  ent r y  
t imes . 
T he s e  r e s u l t s  w e r �  i nt e r p r e t e d  t o  i nd i c a t e  t h a t  cab entry and 
exi t  t i mes did not vary suff i c i ent ly a•ong _ tractor m akes studi ed to 
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Tab l e  1 8 .  Foot used o n  the f i rs t  step dur ing the cab m ount ing for s i x  
tractors * 
Tractor Door Subj ect s 
H i nged 
1 2 3 4 5 
1 Back R i ght Right Right Left Left 
2 Front Lef t  Right Left Left Right 
3 Front R i ght Right Left Left Left 
4 Back Left Right Left Left Left 
5 Back Left Right Left Left Right 
6 Back R i ght Right Left Left Right 
*Based on t ime moti on study for 5 · operators 
j u s t i f y one c a b  over t h e  o t h e r .  · H o w eve r , the t i m e s  t aken m ay be a n  
i nd i cat i on of access d i f f i cu l ty and the l ike l i hood of operator inj ury 
whi l e  m ounti ng and d i s m ounti ng. Clearly,  the operator survey · resul ts 
suggest that faraers are concerned about cab accessibi l i ty even though 
the actual t ime requi rements are minimal . 
There were severa l l i m i tations of thi s  s tudy. The subj ects and 
the tractors were not s e lected random ly. Subj ects were chosen based 
on t h e i r  ava i l a b i l i ty at t h e  s a m e  t i • e .  A l l had eng i nee r i ng 
backgrounds and were fam i l i ar w i th the overal l proj ect of the battery� 
p o w e r e d . c h o r e  t r a c t o r  d e s i gn .  Tra c t o r s  w e r e  s e l e c t ed w h i ch w e r e  
f i t t e d  w i th cabs t h a t  w e r e  p o t e nt i a l l y appropr i at e  t o  a battery-
powered chore tractor. Trac tor s i zes were w i thin the power ranges · of. 
tractors typ i cal ly used for chores on eastern South Dakota farms . 
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T h e  t i • e  and mot i on studies were conducted at i m ple ment dea l e r  
l o t s  o n  c l e a r  d ays and o n  d r y , f l a t gr ound . The s t e p s  and c a b s  w e r e  
a l s o  c l ean and dry. The effects of adverse weather and heavy c l othi ng 
on cab m ount i ng and d i s m ount i ng t i m es were not studied. Wet and muddy 
g r o u n d , s n o w  and i c e cove r e d  s u r f a c e  or he avy w i n t e r  c l o t h i ng w ou l d  
m ake the subj ects s l ower and m ore cauti ous , requiring more t i m e  for 
cab • o u n t i ng a n d  d i s m o unt i ng .  S t ud i e s  were condu c t e d  w i t h a l l  
subje ct s  u s i ng one tractor at a time . 
F a c t o r s  s u ch as c a b  vo l u m e , s t e e r i ng w he e l  l o c at i o n , f l o o r  
c o n f i gu r a t i o n ,  a n d  d o o r  c o n f i gu r a t i o n ,  m i gh t  have a f f e c t e d  t he 
m o u n t i ng a n d  t h e  d i s m ou n t i ng t i m e s .  O p t i m a l  c ab vo l u m e  a l l o w s  t h e  
o p e r a t o r  t o  c h ange po s tu r e  w i t h i n  t he c ab eas i l y w h i ch u l t i m a t e l y  
al l ow s  for eas i er cab acces s i bi l i ty . . Steering wheel l ocat i on affects 
cab a o u n t i ng b e e a u s e  i t  can b e  u s e d  a s  a handho l d , b u t  i m p r o p e r  
l ocati on o f  s teeri ng whee l m ay obstruct the cab entry and exi t  path . 
A f l a t , . c l e a r  f l o o r  w i th no o b s t ru c t i o n s  i n  t he cab e n t r y  and e x i t  
p a t hs e n h a nc e s  a c c e s s i b i l i ty .  I m p roper door configurati on may m ake 
d o o r  o pe n i ng d i f f i c u l t  a n d  m ay cause d i f f i c u l t y  i n  c l o s i ng it  f r o m  
w i thin the cab. 
N o  a t te m p t  w a s  m ad e  t o  i de nt i fy t he be� t cab a m ong t h e  s i x  
t ra c t o r s . The t r a c t o r s  have • any e x c e l lent f e a t u r e s  r e l a t e d  t o  
workspace , envi ronm ent , v i s i b i l i ty and the l ocati ons of control s  and 
d i s p l ays.  However each subj ect was asked to l i s t  separately,  for each 
tracto r , th� inconveni ences they encountered only for the cab mounti ng 
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and d i s m ount i ng. The inconven i e n c e  f e a t u r e s  on w h i c h  eve ry s u b j e c t  
agreed were i dent i f i ed a s  the most inconveni ent features re l ated t o  
a cces s i b i l i ty ( Table 1 9 ) . 
T h e  s t e p  d e s i gn o f  T r a c t o r  1 w a s  s uc h  that t h e  s u b j e c t s  h a d  t o  
t u r n  9 0 °  a t  t h e  th i rd s t e p  t o  e n t e r  the cab . T r a c t o r  2 d i d  n o t  have 
any k i nd o f  h and h o l d s o n  t h e  o u t s i de o f  t h e  cab f o r  h o l d i ng w h i l e  
m ount i ng or d i s mount ing. The cab door of Tractor 3 swung open so far 
that it was d i f f i cult to shut the door from w i thin the cab i n  a seated 
pos i t i on.  Door conf i gurat i on of Tractor 4 was _ such that it al m o s t  hi t 
the s ubj ects and the s ubj ects had to l ean back awkwardly. Tractor 5 
h a d  p r o b l e m s  s i m i l ar t o  T r a c t o r  3 .  I ns i de t h e  c a b  o f  Tr a c t o r  6 t h e  
gear l e ve r w a s  po s i t i o n e d  i n  f r o n t  o f  the s e a t , o n  the f l oo r , a n d  
under t h e  s teering whee l .  Thi s  obstructed the path of aovem ent o f  the 
s ubj ects , whi l e  dis•ount i ng from the cab. 








M o s t  i n c o n v e n i e n t  f e a t u r e s  r e l a t e d  t o  t h e c a b  
access ib i l i ty* 
Most i nconveni ent features 
The s tep des i gn is inconvenient . 
There i s  no hand grab to hold whi le mounti ng .  
The door i s  d i ff i cu l t t o  c l ose from i ns i de o f  the cab . 
The door almos t h i t  the operator whi le opening . 
I t  i s  d i ffi cul t to c l ose the door froa the operator • s · 
seat . 
The gear shift l ever i s  at the center of the cab f l oor . 
*Bas�d on sUbj ective assessment of 5 operators 
6 6  
Subject i ve Assessment 
A m em ber of the research team who is an el ectri cal engineer and 
who operates a farm 60 km west of Brook i ngs , South Dakota tes ted the 
E l e c t r i c Chore m a s t e r  for o n e  w e ek in O c t o ber on h i s  f a r m  ( He l d e r , 
1 9 84 ) .  He e va l ua t e d  t he t r a c t o r  w i th r e s p e c t  to t h e  f o l l o w i ng 
f a c t o r s : 1 )  l o ader w o r k , 2 )  hydrau l i c  m o t o r  s peed c o n t r o l , 3 )  
b r ak i ng ,  4 )  p t o  o p e r a t i o n ,  5 )  m o t o r  s p e e d  cont ro l l e r  l e ve r s , 6 )  k e y  
s w i tch l ocati on ,  7 )  overspeed protector , 8 )  r i ding characteri s t i cs ,  9 )  
cab access ibi l i ty and 1 0 )  o ther hum an factors_ such as vi s i b i l i ty and 
no i se .  Helder tempered hi s opini on b y  i nvit i ng 5 0  neighbori ng f ar m e r s  
t o  observe the tractor and t o  s uggest changes . 
S e v e r a l  d i f f i cu l t i e s  r e l a t e d  t o  veh i c l e  conf i gu r a t i on a n d  
c o n t r o l s  ( Tab l e  2 0 )  w e re o b s e rved d u r i ng t h e  one - w eek o f  c h o r e  
o p e r a t i o n s  o n  that e a s t e r n  S ou th Dako t a  f ar a .  Exc e s s i ve v eh i c l e  
o s c i l l at i on occurred ( rocking forward and backward) at road s peeds o f  
more than 2 0  km/h. The hydrau l i c  bel t  drive was noti ceabl y  noi sy at 
high pto motor speeds . Round trip trave l of the vehicle was l i m i ted 
t o  13  k m  when used in cold cond i t i ons ( temperatures from 10°  to l 2 °C )  
w i th no battery insulation. 
P o s i t i v e  a s s e s s m en t s  w e r e  t h a t  t h e  t ra c t o r  had an abu n d a n c e  o ·f 
p o w e r . e x c e l l ent r e ve r s i ng c h a r a c t e r i s t i cs , good vi s i b i l i t y f o r  t h e  
l oader w ork , s � ooth bypass operati ons , exce l l ent braking in s econd · and 
t h i r d  g e a r s  and e xc e l l e n t  l o a d e r  r e s po n s e  at 1 000 r / m i n  f o r  � h �  
pte/hydrauli cs m�tor . 
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Tab l e  2 0 .  · Factors that contributed to vehicle inconveni ences i n  the 
Electr i c  Choremaster ( He lder . 1984 ) *  
Factors 
1 .  The step was h i gher than des i red from the ground l evel . 
2 .  I t  was d i f f i c u l t t o  e n t e r  the cab w h i l e  the ve h i c l e w a s  
art i culated and· approached from the cramped s i de . 
3 .  The cab floor was not flat . 
4 .  The cab volume was too smal l . 
5 .  The speed control l ever-movements were too short for accurat e 
control . 
* B a s e d  o n  a s s e s s ll·e n t s  by a m e • be r  o f  the r e s e a r c h  t e a m  w h o  
operated the tractor during one-week tes t on h i s  farm . 
Exterior Sound Leve l Measureaent 
Exter i or sound l eve l s  were m easured to determ i ne the noi se f rom 
t h e  b a t t e r y - po w e r e d  t r a c t o r  in a c c o rdance w i t h SAE s t an d a r d  J l 0 0 8  
( SAE . 1 9 8 2 ) .  The veh i c l e  w a s  t e s t e d  on a f l at aspha l t  s u r f a c e , w i th 
I 
no l arge vert i cal reflecting s urface with i n  30 meters . There were no 
objects or people wi thin 15 meters . �bi ent sound l evel was l ess than 
4 0  dbA . W i nd s pe ed , a a b i e n t  t e ll pe rature , and a t m o s p he r i c  pre.s s u r e  
were r ecorded for the l ocati on .  The a i crophone was pl aced 1 . 2  meters 
a bove the ground level oriented toward the tractor. No i se l eve l s  were 
m easured from a distance of 7 . 5  m eters in a di rection perpendi cular to 
the c e n t e r l i ne of the ve h i c l e  t r ave l path ( F i gure 1 3 ) .  D i re c t i o n o f  
the a i crophone was not changed duri ng the data col lection for e i the r 
d i recti on of vehicle trave l .  
� � � tl tl c c tl .... .... c t � j -1-r---10 m---/I�L-:......_ __ 10 m---"'--
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*Instrument is at 1 . 2  m above ground leve l 
F i gure 1 3 .  Test setup for exter i or sound- l evel measurement ( SAE , 
1982 ) 
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The steering motor · was operated a t  three d i fferent speeds r angi ng 
f r o •  7 5 0  to 2 50 0  r / m i n  d u r i ng the s o u nd - l eve l m e a s u r e m·e n t s .  T e s t s  
w e r e  r e p e a t e d  un t i l  t w o  r e a d i ngs w e r e  o bs e rv e d  w i th i n  2 d bA o f  e a c h  
o t h e r. a n d  t h e  ave r age o f  t h e s e  t wo read i ngs w a s  t h e  r e p o r t e d  s o un d  
l ev e l  f o r  that s i de .  R e a d i n g s  w e r e  t aken f r o m  e a c h  s i d e a n d t h e  
value s  from the l ouder s i de were reported ( SAE , 1982 ) . 
At 1 250 r/min m otor s peed , the steer i ng hydraul i c  system provi ded 
good s teer i ng capabi l i t i e s .  For thi s  s peed a m ax i m um no i s e l evel o f  
6 2  dbA was m easured w h i l e  the vehi cl e m oved from the stati onary pos i - · 
t i on t o w a r d  the m i c r o ph o ne ( Tab l e  2 1 ) .  Ext e r i o r  no i s e l eve l s  f o r  
equiva l ent di esel-powered tractors , range between 8 0  dbA and 9 0  dbA 
( N e b r a s k a  T r a c t o r  Te s t ,  1 9 8 3 ) .  No i s e expo s u re i s  l i m i t e d  to 9 0  d bA ,  
a s  i • p o s e d  by the O S HA r e gu l a t i on 1 9 1 0 . 9 5 ,  o c c u p a t i on a l n o i s e  
exposure , for an s-hr day , o r  higher for les� ti me ( CFR �  1 984 ) .  
) 
Tabl e 2 1 . Exter i or sound l eve i for the battery-powered tr�ctor* 
Pto/steeri ng Tract ion Veh i c l e  Sound 
11otor s peed motor speed speed l evel 
( r/a i n )  ( r/ai n )  ( ka/h ) ( dbA ) 
Case I ** 1 250 1300 15 . 0  62 . 0  
Case I I ***  2500 2000 23 . 0  57 . 5  
Case I I I * ** 1 2 50 2000 23 . 5  58 . 5  
Case I V*** 750 1 900 22 . 0  59 . 0  
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* I n  al l cases speed contro l ler was a t  i ts extreme pos i t i on whi l e 
the veh i c l e  was at l i ne M .  
**  The veh i c l e  started from l i ne L and l i n e  R from a s t a t i on a r y  
condition .  
* * *  The speed control l e r  l ever for tract i on m otor was set a t  3/4 of 
i ts ful l trave l for the veh i c l e  pos i t i on at or before the veh i ­
c l e  crossed l ine L and l ine R .  
S o u r c e s  o f  no i s e s  w e r e  t h e  t r an s f e r  box and t h e  p t o  gear b ox . 
I nsulat i ng the trans fer box w o u l d  reduce the no i s e l e ve l , h o w e ve r , 
t h e  v eh i c l e  w a s  per c e i ve d  a s  t o o  qu i e t dur i ng o n e - w eek o f  o n- f a r m  
t e s t i ng ( He l de r ,  1 98 4 ) .  U s e  o f  an a l ar a  when i n  reve r s e  gear a ay be 
necess ary to warn bystanders o f  the vehic les presence , and it aay no t 
be des i rable to reduce t ractor no i se leve l further . 
Weight Measurement 
L o c a t i on of t h e  c e n t e r  o f  grav i ty i s  c r i  t i·c a l  i n  veh i p l e  
c o n f i gu r a t i on d e s i gn b e c au s e  i t  a f f e c t s  t h e  veh i c l e  s t ab i l i t y.  
Locati on of the bat te ry p l us battery we-i ght · and . s i ze ·had a m aj or 
G • • c c c � � � M M M 
lt 10 m [, 10 m ---¥-� I _l_ 
_�I Travel Path Vehicle I �------------+--------------� width I I I �  � I I I 
I I . I - I - + L- -oboe�-;;; - k I;;a t;;;;;;;nt•-L-
*Ins trument is at 1 . 2  m above ground leve l 
F i gure 13 . Test setup for ·exte r i or s ound - l evel measurement ( SAE , 
1 982 ) 
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The s teer i ng m otor was o perated at three d i f ferent speeds ranging 
f r o •  7 5 0  t o  2 5 0 0  r / m i n  d u r i ng t h e  s o u nd - l eve l m e a s u r e m ·e n t s .  T e s t s  
w e r e  r e p e a t e d  u n t i l  t w o  r e a d i ngs w e r e  o b s e rve d w i th i n  2 dbA o f  e a c h  
o t h e r. a n d  t h e  ave r age o f  � h e s e  t w o  r e a d i ngs w a s  t he r e po r t e d  s o u n d 
l ev e l  f o r  t h a t  s i de .  R e a d i n g s  w e re taken f r o m  e a ch s i d e an d t h e  
values from the l ouder s ide were reported ( SAE ,  1982 ) . 
At 1iso r / • i n  m ot o r  s peed , the s teer i ng hydrau l i c  system provi ded 
good s teer i ng capab i l i t i e s .  For th i s s peed a m ax i m u m  no i se l eve l  o f  
6 2  dbA was m easured whi l e  the vehi c l e  m oved from the stati onary po� i -
t i on t o w a r d  t he • i c ro p h o ne ( T ab l e  2 1 ) .  Ext e r i o r  no i se - l e ve l s  f o r  
equi va l ent diesel-powered t r actors , range between 8 0  dbA and 9 0  dbA 
{ Ne b r as ka T r a c t o r  T e s t ,  1 9 8 3 ) .  N o i s e expo s u re i s  l i m i t e d  to 9 0 · dbA , 
a s  i • p o s e d  by · t h e  O S HA r e gu l a t i on 1 9 1 0 . 9 5 , o c c u pat i on a l  n o i s e  
exposure , for an 8-hr day , o r  h i gher for less t i m·e ( CFR, 1984 ) .  
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. i n f l u e n c e - o n  t he c e n t e r  of g r av i ty be c a u s e  t h e  b a t t e ry w e i gh t  w a s  
about 3 3  percent o f  the total veh i c l e  we i ght . To deter m ine the center 
of gravi ty weights were measured at bo th axl es and under each whee l .  
One set o f  readings was w i th the veh i c l e  l evel and the second whi le i t  
w as incl ined. 
I t  w a s  f ound t h a t  t h e  l o c a t i on of t he c e n t e r  of grav i ty a ov e d  
f o r w a r d  t o w a rd t he a r t i c u l at i o n j o i n t b y  1 7  e m  and u p  by 1 3  e m  f r o m  
the o r i gi na l  veh i c l e  c e n t e r  o f  grav i ty .  W e i gh t  d i s tr i bu t i on w a s  5 6  
percent at the front axl e  and 44 percent at the rear axle (Table 2 2 ) .  
Evaluation of Locat i on o f  Contro l s  and Di spl ays 
Pr o m  t he s ub j e c t i ve a s s e s s m e n t . i t  w a s  f o und that t h e  s p e e d  
control l ever movements were shorter than des i red for opt i mal speed 
contr o l  sens i t ivity and that the l ever o ffered too l ittle res i stance 
to • o v e m e n t  ( Ta b l e  2 0 ) .  E v i d e n c e  s ugge s t s  that i f  t h e  d i s ta n c e  t h e  
c o nt r o l  l eve r m ove s i s  s h o r t , t h a t  t h e  o p e r a t o r  j udgm e n t s  a r e  l e s s  
a c cu r a t e  than when the d i s t a n c e  o f  • ove a e n t  i s  l onge r ( M c C o r a i ck ,  
1 959 ) .  Dis tance o f  m ovement i s  more i aportant i n  l ever control than 
va r i at i on s  i n  the f o r c e  r e qu i r e d  to m ov e  t h e  l eve r .  Cons e quen t l y , 
i n t r oduc i ng a d a m per a ga i ns t  the l ev e r  m ove a ent wou l d  pro v i d e  
res i stance that coul d contr i bute t o  accuracy , but i ncreas i ng the l eve r 
l ength would probably contribute a ore. 
L i near d i stances were m easured to d i f ferent di splays (Figure . 1 4 ) 
f r o a  t h e  S e at R e f e r e n c e  Po i n t , SRP ( D am o n , 1 96 6 ) .  S e a t  r e f e r e n c e  
poi nt i s  the i ntersection o f  the pl ane o f  s eat surface w i th the p l an �  
Tab l e  22 . We ight d i stribut i on o f  the E l ectr i c  Choremas ter 
F ront axle : 
Total 
R i ght wheel 
Left wheel 
Rear axle : 
Total 
R i ght whee l  
L ef t  wheel 
Veh i c l e  total wei ght : 
Per cent wei ght : 
Front axl e  
Rear axl e  
Cente r  of gravity : *  
D i stance from the front axl e  ( em )  
D is tance· from the ground l eve l ( em )  
Wei gh t  
. ( kN )  
34 
1 7  
1 7  
26 
1 3  






* I t  is located at the center of the width of the vehi cl e .  
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o f  t h e · b a c kr e s t  s u r f a ce i n  t h e  m i d l i n e  ( f r o a  s i de - t o - s i de )  o f  t he 
operator ' s  body ( F i gure 5 ) .  W i th these d i stances and us ing the val ue 
o f  e y e  h e i gh t  f o r  t he 5 t h  and 9 5 th p e r c en t i l e  popu l at i on s  f o r  t ru c k  
operato rs i n  s e a t i ng pos i t i on s  ( Da m on , 1 9 6 6 ) , t he v i s ua l  a ng l e s  a n d  
v i s ua l  d i s t an c e s  w e re c a l c u l a t e d  f r o m  t r i gono m et r i c f u nc t i o n s . 
F u n c t i o na l r e a c h e s  w e r e  • ea s u r e d  h o r i z on ta l l y  f r o a  a ve r t i ca l  l i n e  
proje cted through the SRP . 
Access i bi l i ty for m ai ntenance was exce l l ent for a l l  contro l s  and 
d i s p l ays . . The s pe e d  c o n t r o l s  a r e  c o a pa c t  and can be taken o u t  f o r  
,. , -r-S -5 3 5 8 ==iii i I -+1.: ____ 64 �-
f� 6 8  ,t L -�--------- 84 � 1 
Al l  dimens ions in centimeters 
T Tachometer · 
S State of Charge meter 
V ·vol tmeter 
A Ammeter 
B Bypass indicator 
It Keyawitch 
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F i gu r e  1 4 .  L o c a t i on a n d  v i s ua l  a n g l e s  f o r  d i s p l ay s  i n  t h e  E l e c t r i c 
Choremaster 
m a i nt e n an c e  s i m p l y  by l o o s e n i n g t w o s c r e w s . L o c a t i on o f  t h e  s p e.e d  
co ntrol l evers at approx i m at e l y  the same he i ght as the · stee r i ng whe e l  
m in i• i z ed hand · movement s  f o r  control l ever operati ons . 
R e a c h e s  t o  c o n t r o l s  a r e  w i t h i n  an a c c e p t a b l e  r ange f o r  t h e· 5 t h 
and 95th percent i le ( that i s ,  ·95% of m a l e  popul ation)  o f  Uni ted States 
a a l e s .  Viewing angles for the s tate-of-c�arge meter , · tachom eter arid 
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Ta b l e 2 . Vi s u a l  a n g l e s  a n d  v i s u a l  d i s t anc e s  f o r  d i s p l ay s  i n  t h e  
E lectr i c  Chore master 
S tate-of-charge meter 
Tachometer 
Bypass i ndi cator 
Vol taeter 
Amae ter 1 
Ammeter 2 
Verti cal 
v i sual - angl es ( deg ) *  






5 1  
5 6  
3 3  
3 3  





d i s tance ( em ) ** 
percent i le 
5th 95th 
96 1 0 1  
96 1 01 
90 96 
90 . 5  98 
91 1 00 
96 1 05 
* V e r t i c a l  v i e w i ng ang l e  o f  1 5  d e grees i s  m o s t  c o m f o r t ab l e  and i s  
recom mended for the downward rotat i on o f  eye for conti nuous v i ew i n g  
a nd 40 degrees i s  common f o r  s eated work ( Eas tman Kodak , 1983 ) . 
Eye height for seat i ng pos i t i on i s  70 ca ( 5th percent i l e )  and 80 e m  
( 95th p ercent i l e ) from the seat reference po int ( Damon , 1966 ) . 
Seat reference poi nt from the cab f l oor i s  44 em . 
* *Recom mended view i ng d i s tance for displays is within 50 e m  (East m an 
Kodak . 1 983 ) . 
bypas s  i nd i c a t o r  a r e  w i t h i n  4 00 w h i ch i s  t he r e co m a ended v i e w i ng 
a ngle ( Table 24 ) .  
Pr o t e c t i on aga i n s t  a c c i d e n t a l  a c t i va t i on o f  t he a o t o r s  w a s  
provided by the key s w i tch. Unl e s s. the key swi tch i s  turned on , power 
i s  not avai lable acros s  the m ot or s .  
Evaluat i on o f  Overal l  Vehi c l e  Configuration 
Alt ernati ve _ 5 was an acceptab l e configurati on for a test vehi c l e  
des igned pr i mar i ly for eva l uat i ng the e l ectric vehicle �oncept , but i t  
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w o u l d  not be a c c e p t a b l e  f o r  a c o m m e r c i a l l y  used ve h i c l e . C e n t e r  o f  
grav i ty should be l owere d ,  cab access ibi l i ty should be i mproved , and 
t he c o n t r o l s and d i s p l ay s  s h o u l d be po s i t i o n e d  m or e  c l o s e l y  to t he 
opt iaal locat ions . However , the cab d i d  have an obstac l e-free entry 
and exi t path , hand and foot contro l s  were access ib l e  and operabl e for 
a •�ae range of �pe r at o r  s i z e s  and the no i s e l e ve l s  w e re m u ch l o w e r  
�nan r or comparao1y-s 1 zea a1eseJ tTactors . 
Se l ection of thi s  ar t i cu l ated fraae a ade cab entry d 1 f r 1 cu J t  rroa 
t he c r a m ped s i d e .  L o c a t i ng t h e  p t o  und e r  t he- c ab i nc r e a s e d  t h e  cab 
he i ght making cab entry m ore di f f i cu l t .  The cab f l oor was s loped and 
this  t o o  contributed to d i f f i cul ty i n  enter i ng or l eavi ng the cab. 
Whi l e the hydrau l i cs motor was running, shi ft i ng of the veh i c l e  
occurred duri ng mounti ng and d i s m ounti ng. Thi s  was because operators 
i ns t i nc t i vely he l d  the s teeri ng wheel dur i ng mounti ng and di smount i ng .  
L ocati ng the l oader , pto and drawbar on the same vehi c l e  end was 
a c ce p t a b l e  f o r  t e s t  p u rp o s es on th i s  p r o t o t yp e , but i t  i s  n o t  
r e c o • • ended f o r  c o m m e r c i a l l y  ava i l ab l e  veh i c l e s .  Thi s  arrangem ent 
gave better l oad d i s t r i- but ion than the other a l ternat ives evaluated. 
The o pe r a t o r  s e at c ou l d  be r o t a t e d  1 8 0 degr e e s , f ac i ng e i t h e r  t h e  
front e n d  or the l oader end , and the vi s ib i l ity was found exce l l ent · i n  
b o t h  cases . 
Battery . weight and s i ze affected the veh i c l e  c�nfigurati on ·m ore 
than any o th e r  s i ng l e  c o � pone n t . Ava i l ab i l i ty of h i gh e r  ene r gy 
d e n s i ty ba t t e r i e s c ou l d  r e duce the bat t e r y  w e i gh t  -and s i z e .  B e t t e r  
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l oad d i s tr i but ion , l ower center o f  gravity , l ess stress on frames and 
a x l e s , b e t t e r  v i s i b i l i ty du e t o  l o w e r  b a t t e r y  he i gh t , a n d  gre a t e r 
s tabi l i ty o f  veh i c l e  cou l d  be achieved. 
A c c e s s i b i l i t y f o r  m a i n t e na n c e  w as exc e l l en t  f o r  the ba t t e r y , 
contro l lers and t raction •oto r , and i t  was poor for the pto m o tor and 
t h e  h y d r a u l i c  pu m p .  A w a r n i ng de v i ce ( l i gh t  or s ou n d ) s ho u l d be 
p r o v i de d  i n s i de t h e  cab to i nd i c a t e  to t he o pe r a t o r  t h a t  t h e  k e y  
switch i s  on . 
SUMMARY AND CONCLUS IONS 
V e h i c l e  c on f i gu ra t i on p o s s i b i l i t i e s  f o r  t h e  e x p e r i m e n t a l  
prototype bat tery-powered chore trac tor , the Electr i c  Chore m as ter were 
analyzed and a sui tabl e conf i gura t i on was des i gned . Ti m e  and m ot i on 
studi es , surveys , subj ective assessments and quant i f i ab l e  data whi ch 
r e l at e  to hu m a n f ac t o r s  i n  c h o r e  t r a c t o r  d e s i gn are p r e s e n t e d .  T h e  
t r a c t o r w a s  e va l ua t e d  f r o m  t h e  h u m a n  f a c t o r s  p e r s p e c t i ve t h r o ugh 
phys i c a l  measurements . surveys and subj ect ive asses sments . 
The fol l owi ng concl us i on s  resu l t  f rom tfii s work . 
1 .  F ive veh i c l e  conf i gurat i o n a l t e r nat i ve s  w e r e  d e v e l o p e q  a n d  
evaluated . These are : 
a .  p l ace t h e  b a t t e r i e s , t h e  drawbar . and t h e  p t o  m o t o r  o n  
the rear frame and pl ace the cab , the traction motor and the l oader on ­
the front fram e , 
b .  l o c a t e  t h e  b a t t e r i e s  a n d  t h e  drawbar o n  t h e  r ea r  f r am e 
and pi ace the cab , both motors and the loader on the front fraae , 
c .  l ocate com ponents s i m i l arly to the second al ternati ve , 
except extend the rear fram e ,  
d .  p l ace t h e  b a t te r i e s  and both m o t o r s  o n  t h e  f r o n t  f r a m e 
a nd l o cate the cab , the l oader , and the drawbar on the rear fram e ,  and 
e .  pl ace the batt eries , and t h e  tracti on m otor on t h e  f ront 
f r a • e  and l o c a t e  the l o a de r , t h e  cab and the pto m o t o r  on the r e a r  
frame . 
2 .  The vehi cle was des i gned based on _ al ternative e . _ 
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3 .  A s u r v e y  o f  8 0  S o u t h  Dakota f a r m e r s s h o w e d  t h a t  c a b  
a c c e s s i b i l i ty w a s  a m a j o r c o n c e r n  t o  4 6% o f  t h e  f a r m e r s  s e l e c t i n g a 
c hore tractor and of i mpor tance to an add i t i onal 34% . 
4 .  Average t i m es for cab m ounting and d i s m ount i ng were m i ni mu m  
f o r  the Tractor 1 ,  f r o m  a mo ng t h e  f ive com mercial ly-avai lab l e  tractors 
evaluated . 
5 .  The E l ectr i c  Choremaster prototype does not have the desi red 
e a s y  a c c e s s i b i l i ty due to the cab h e i gh t , the a r t i c u l a t e d  f ra m e  a n d  
the seat confi gurat i on . 
6 .  Noi se l eve l s  at rated speeds from the e l ect r i c  tractor w e r e  
6 2  dbA m ax i mum contr�s ted w i th 80-90 dbA f o r  typ i cal d i esel  tractors . 
7 .  The vol u m e  and w e i ght of batteri e s  comp l i cate ach i eving an 
agr i c u l tural tractor wi th h i gh c l earance and l ow center o f  gravi ty . 
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APPENDIX A :  NEBRASKA TRACTOR TEST DATA 
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Nebraska t ractor test data for tractors 
rated between 38 -kW and 40 kW* 
Tractor . Maxi mum Maxi mum 
weight pto power drawbar pul l 
( kN )  ( kW )  ( kN )  
34 38 2 7  
4 2  4 0  33 
4 1  4 0  3 0  
2 9  38 24 
4 1  38 40 
37 39 29 
39 39 31  
39 40 28 " 
33 39 25 
3 1  4 0  2 2  
*Source : I mpl ement and Tractor ( 1 9 84 ) . 
* *At max i mum drawbar pul l . 
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Veh i c l e* *  
speed 
( km/h ) 
3 . 5  
3 . 5  
3 . 0  
5 . 0  
2 . 0  
3 . 5  
3 . 0  
3 . 0  
5 . 0  
3 . 0  
APPENDIX 8 :  POWER AND ENERGY REQUIREMENT CALCULATIONS 
86 
8 7  
Power and energy requi rement calcul at i ons 
Po w e r  r e qu i r e m e n t s  f o r  t h e  c h o re t r a c t o r  are ca l c u l a t e d  f r o m  t he 
e quat i on , DBP = FSic ( Hunt , 1 97 7 ) where , 
DBP i s  drawbar power , ( kW )  
F i s  force , ( kN )  
S i s  forward speed , ( kmlh ) 
c i s  a constant , ( 3 . 6 )  and 
The energy requi rement equa l s  DBP aul t i pl i ed by the time of the 
operati o n . 
Feedi ng operat ion : 
Vehi c l e  we i ght , 50 kN 
Drawbar l o ad , 20 kN 
Veh i cl e  s peed , 5 kmlh 
Coe f f i c ient of ro l l ing res i s tance , 0 . 25 
Then , 
F 50 X . 25 + 20 = 32 . 5  kN 
DBP = ( 32 . 5  X 5 )  I 3 . 6  = 45 . 1 3 kW 
For three 1 5  m inutes feeding trips , energy requ i rem ent 
i s  = ( 4 5 . 1 3  X 3 X 1 5 )  I 60 = 3 3 . 84 kWh.  As s.u m i n g t h a t  
the energy requi rement f o r  the pto i s  1 kWh and for · the 
hyd r au l i c s  4 k W . h ,  t he t o t a l  ene rgy requ i r e m e n t  i s , 
33 . 84 + 1 + 4 = 38 . 84 kWh . 
F i e l d  and back trave l : 
Vehi c l e  speed , 30 kmlh 
Drawbar l oad , 2 . 5  kN 
Coeffi ci ent o f  r o l l i ng res i st ance , 0 . 05 
Then , 
F 50 X . 05 + 2 . 5  = 5 kN 
DBP = ( 5  x 30 ) I 3 . 6  = 4 1 . 66 kW 
Energy requirements for 30 minutes operati on are : 
( 4 1 . 66 X 30 ) I 60 20 . 83 kWh 
APPENDIX C :  DIMENS I ONS FOR THE ELEMENTS OF CAB ACCESSI B I L I TY 
FOR S IX TRACTORS 
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Dimens i ons for the e lements of cab accessi bi l i ty 
f o r  s ix tractors 
Description 
1 
Cab fl oor hei ght from 
ground l evel ( mm )  1 244 
Number of steps 3 
Step s i ze ( mm2 ) 4 1 6 1 6  
Botto• s tep he i ght 
fro• ground ( mm )  5 2 1  
D i s tance between 
two steps ( mm ) 280 
Grip height from ground 
at latch side ( mm )  1 72 7  
Maxi•um door width ( mm )  673 












1 066 1 168 
2 2 
60720 481 80 
533 622 
280 292 
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T i me and motion s tudy data* 
Tractor Subj e cts 
1 2 3 4 5 
M* D* M D M D M D M D 
1 6 . 6  5 . 2  5 . 6  5 . 9  5 . 2  4 . 2  5 . 1  5 . 7  6 . 3  5 . 3  
6 . 3  4 . 7  5 . 3  5 . 9  6 . 6  5 . 6  6 . 4 5 . 4  4 . 8  5 . 4 
5 . 9  4 . 7  5 . 5  5 . 5  5 . 5  4 . 5  5 . 2  5 . 1  5 . 8  4 . 7  
5 . 7  5 . 1  5 . 6  4 . 6  5 . 8  4 . 4  4 . 6  5 . 4  4 . 9  4 . 7  
5 . 2  4 . 5  5 . 4 4 . 7  5 . 4  4 . 5  5 . 1  5 . 0  4 . 6  4 . 7  
2 5 . 6  5 . 6  6 . 5  8 . 1  8 . 0  7 . 1  6 . 2  6 . 0  8 . 0  6 . 2  
6 . 6  4 . 9  5 . 9  5 . 9  7 . 6 6 . 9  5 . 2  4 . 5  6 . 0  5 . 2  
6 . 4  5 . 4  5 . 6  4 . 9  7 . 9  6 . 9  5._. 7 4 . 3  5 . 2  4 . 8  
6 . 3  5 . 8  5 . 8 4 . 8  7 . 9  6 . 1  4 . 8  4 . 2  5 . 7  4 . 3  
4 . 8  4 . 8  5 . 2  4 . 4 7 . 8  4 . 9  4 . 6 4 . 5  5 . 3  4 . 2  
3 4 . 5  6 . 0  5 . 6  6 . 0  9 . 1  6 . 9  5 . 0  3 . 9  7 . 5  7 . 2  
5 . 1  6 . 2  4 . . 9 5 . 9  7 . 8  6 . 5  5 . 0  4 . 0  8 . 7  5 . 8  
5 . 7  5 . 3  4 . 9  5 . 9  6 . 0  5 . 8  4 . 9  4 � 9  8 . 2  5 . 3  
4 . 7  5 . 8  4 . 6  5 . 1  5 . 6  4 . 2  5 . 0  5 . 8  9 . 0  4 . 8  
5 . 4 5 . 8  4 . 8  5 . 7  6 . 1  5 . 8  5 . 1 5 . 4  6 . 3  6 . 0  
4 8 . 5  7 .. 7 5 . 7  4 . 8  9 . 5  6 . 3  6 . 3  5 . 4  7 . 5  7 . 8  
8 . 6  5 . 9  5 . 5  5 . 2  6 . 7  6 . 8  6 . 5  5 . 3  6 . 0  5 . 3  
8 . 1  5 . 6  5 . 6  5 ·. 5  6 . 9  6 . 1  6 . 7  6 . 0  6 . 6  5 . 7  
7 . 2  5 . 9  6 . 5  5 ·. 2  8 . 6  8 . 8  7 . 1  5 . 9  5 . 9  5 . 6  
6 . 5  4 . 8  5 . 8  5 . 5  7 . 9  7 . 6  6 . 6  5 . 3  5 . 4  5 . 2  
5 6 . 9  6 . 2  6 . 8  7 . 2  3 . 4  6 . 6  5 . 4  5 . 7  7 . 2  5 . 3  
6 .. 7 5 . 2  5 . 8  6 . 2  6 . 4  4 . 7  5 . 7  5 . 9  6 . 1  5 . 2  
6 . 9  5 . 4  6 . 0  6 . 4  6 . 6  4 . 4  5 . 8  5 . 6  5 . 9  5 . 6  
6 . 5  4 . 7  6 . 6  5 . 6  6 . 1 4 . 6  6 . 3  5 . 6  6 . 3  4 . 6 
5 . 0  4 . 7  6 . 0 5 . 9  7 . 1 5 . 9  6 . 7  5 . 1  5 . 2  4 . 7  
6 6 . 6  5 . 6  6 . 8  5 . 4  8 . 0  6 . 8  5 . 3  4 . 4  6 . 7  4 . 5 
5 . 9  5 . 3  6 . 3  4 . 6  7 . 4  7 . 1  5 . 4  5 . 2  5 . 3  5 . 4  
. 6 . 2  4 . 3  5 . 4  4 . 8  6 . 9  6 . 2  .5 . 8  3 . 9  5 . 8  4 . 4 
6 . 0  4 . 7  5 . 1  4 . 9 6 . 2  6 . 5  '4 . 8 4 . 1  5 . 2  4 . 5 
5 . 3  4 . .3 5 . 0 4 . 4 4 . 7  4 . 7  5 . 2  4 . 4  5 . 2  5 . 0  
*M i s  the a ount i ng ·t i me i n  s e conds and D i s  the d i smoun t i ng 
t i lil e  i n  s e conds . M o un t i ng t i·m e  i s  f r o m  l i ft i ng the f i r s t  f o o t  ) through c l os ing the cab door .  Dis•ount i ng t i me i s  from touchi ng the door handl e  t o  both feet on the ground . 
